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PREFACE 


This study deals with the development of, and the current 
discussion about, the interpretation of quantum mechanics. 
The following topics are discussed: 1. The Copenhagen In- 
terpretation; 2. Formal Problems of Quanturn Mechanics; 
3. Process of Measurement and the Equation of Motion; 
4. Macroscopic Level of Description; 5. Search for Hidden 
Variables; 6. The Notion of ‘Reality’ and the Epistemology 
of Quantum Mechanics; and 7. Quantum Mechanics and the 
Explanation of Life. 

The Bohr-Einstein dialogue on the validity of the quan- 
tum mechanical description of physical reality lasted over 
two decades. Since the early nineteen-fifties, Eugene Wigner 
has provided much of the point and counterpoint of the 
continuing discussion on the interpretation and epistemolo- 
gy of quantum mechanics. We have explored Wigner’s views 
in some detail against the background of historical develop- 
ment and current debate. 

Professor Eugene Wigner has sustained me over many 
years in my work on the conceptual development of mod- 
ern physics by his kindness and encouragement. This 
study owes its existence to his direct inspiration, and to his 
suggestion to me in April 1971 that it would be of interest 
to write an account of the interpretation of quantum me- 
chanics and the current discussion about it. 
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This study was completed in September 1972. Signifi- 
cant new developments have occurred since then in the dis- 
cussion of questions related to the epistemology of quan- 
tum mechanics. Professor Ilya Prigogine has made decisive 
contributions to epistemology and the macroscopic level of 
description in quantum mechanics. (See I. Prigogine, Physi- 
que et Metaphysique, address at the bicentennial celebra- 
tion of the Académie Royale de Belgique, 17 May 1973; 
Physics and Metaphysics, at the Ahron Katzir-Katchalsky 
Symposium, Berkeley, 1973.) Numerous other important 
considerations have been brought into focus by several dis- 
tinguished authors (see the Section on ‘Physical Descrip- 
tion, Epistemology, and Philosophy’ in J. Mehra (ed.), The 
Physicist’s Conception of Nature, D. Reidel, Dordrecht/ 
Boston, 1973). 

I am very grateful to Professor Wigner for many conver- 
sations about the nature of physical reality and the inter- 
pretation and epistemology of quantum mechanics. | am 
also indebted to Professors Manfred Eigen, Joseph M. Jauch 
Léon Rosenfeld, and especially Professor Ilya Prigogine, for 
discussing with me their points of view about various as- 
pects of the quantum mechanical description of nature. I 
am grateful to Dr. Helmut Rechenberg for giving me inval- 
uable assistance in the preliminary organization of the liter- 
ature on this subject. 

I hope the present study would serve as a background of 
the continuing discussion on the interpretation and episte- 
mology of the quantum principle. 


JAGDISH MEHRA 


CHAPTER 1 


INTRODUCTION 


The mathematical scheme of quantum mechanics (Q.M.) 
was established during the twelve months between June 
1925 and 1926 by Heisenberg, Born and Jordan in Gottin- 
gen’, by Dirac in Cambridge”, and by Schrodinger in 
Zirich.? Important physical and mathematical contribu- 
tions were made by de Broglie*, Einstein>, and Pauli®, be- 
fore and after the quantum mechanical scheme was estab- 
lished. The first step in the physical interpretation of the 
mathematical scheme was taken by Born who introduced 
the probability interpretation of the wave function.’ The 
mathematical basis of the physical interpretation of quan- 
tum mechanics was developed further by Dirac and Jordan 
who independently worked out the transformation theory.® 

With the confidence based on the results of transforma- 
tion theory, Heisenberg explained the meaning of classical 
concepts in quantum mechanics and derived the uncertainty 
relations named after him.” Niels Bohr, one of the most im- 
portant spokesmen of the philosophical Zeitgeist of the 
new quantum theory, arrived at his principle of comple- 
mentarity, and sharpened its content in discussions with his 
collaborators, especially Heisenberg, in 1927. Bohr decided 
upon the principle of complementarity as the basis of his 
interpretation of Q.M.'° From the work of Heisenberg and 
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Bohr there emerged the so-called Copenhagen interpretation 
which underlies the dominant orthodox philosophical view 
of Q.M. 

Comprehensive attempts at formal and rigorous mathe- 
matical formulation and axiomatization of Q.M. were initi- 
ated quite early by Von Neumann!!, and they have been 
continued to this day by ardent adherents of mathematical 
purity in physical theory.'? 

Extensions of the Q.M. scheme followed immediately in 
the years after 1926/27. Dirac wrote the first paper on what 
is now called quantum electrodynamics.'* Pauli, Klein, 
Jordan and Wigner developed and clarified the rules for 
field quantization.!* In 1929 Heisenberg and Pauli laid the 
foundation of quantum field theory — the Lagrangian for- 
malism, the pursuit of which led, after a struggle of many 
years, to the current quantum electrodynamics.'* Applica- 
tion of Q.M. to the fields of atomic and nuclear physics 
brought a deeper understanding of the microscopic world, 
throwing new light on the structure of Q.M. itself, and the 
pioneering studies of Heisenberg, Bohr, Dirac, Wigner, 
Fermi, Yukawa and several others opened new vistas.'® 
Bohr first introduced the ideas of Q.M. and certain aspects 
of its interpretation into more complex fields, such as bio- 
chemistry and biology'’, and in recent years Wigner has 
pursued and stimulated further investigations in this direc- 
tien. * 

The application and extension of Q.M. to new areas since 
the early 1950's have led to extensive discussions of its es- 
sential principles and their interpretation. Old debates have 
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been renewed on account of the stimulus of fresh results, 
exhibiting a great variety among the points of views of the 
leading physicists. Among those who have developed and 
modified the orthodox Copenhagen interpretation of Q.M., 
Wigner’s views have in particular provided point and coun- 
ter-point of the new discussions. We shall analyze various 
responses, especially Wigner’s, to the fundamental questions 
raised by the continuing research on the interpretation of 
Q.M., placing them, wherever possible, in the context of the 
historical background. 


CHAPTER 2 


THE COPENHAGEN INTERPRETATION 


The Copenhagen interpretation (C.I.) of Q.M. grew from 
Heisenberg’s 1927 paper in which he discussed the limita- 
tion on the simultaneous measurement of certain classical 
variables, such as position and momentum, in the new 
theory.’ By devising thought experiments (Gedankenexpe- 
rimente), he found that the accuracy with which certain 
(conjugate) pairs of quantities can be measured is limited. 
Bohr developed his unifying concept of complementarity 
on the basis of Heisenberg’s examples. Beginning with his 
confrontations with Einstein at the Solvay conferences of 
1927 and 1930, Bohr constantly sought to enrich the con- 
tent of the complementanity principle, using it as a guide 
for the understanding of natural phenomena in full generali- 
ty.'°-19 The role of the measuring apparatus in physical 
observations was discussed in detail, and it was formulated 
in strict mathematical terms by Von Neumann.'! Around 
1930, the basis of the orthodox interpretation of Q.M. con- 
sisted in the following statements: 

(1) Wave function: The state of a physical system is 
described by a wave function W, considered as a vector in a 
Hilbert space. 


(2) Superposition: If Y, and W2 represent two states of 
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a system, then a linear combination of the two also repre- 
sents a state of the system. 

(3) Equation of Motion: The wave function of a system 
obeys a continuous equation of motion, the Schrodinger- 
equation. 

(4) Measurement: The process of measurement is de- 
scribed by the action of a corresponding Hermitian opera- 
tor on the state. This action projects out an eigenfunction 
(of the Hermitian operator) and the related eigenvalue. The 
simultaneous measurement of two canonically conjugate 
(complementary) variables is subject to uncertainty limita- 
tions. In general, the process of observation brings about a 
discontinuous change of w, the state of the system, since it 
is not necessarily an eigenstate of the observable implying 
the “reduction of the wave packet”’. 

Among the adherents of the orthodox Copenhagen inter- 
pretation of Q.M., including some of the most prominent 
names in physics, there exist no important or essential 
doubts concerning the validity of these statements. It must, 
however, be pointed out that the Copenhagen interpretation 
cannot be summarized as a set of logical axioms which are 
completely defined, because in many respects it is a view or 
a school* rather than a set of axioms. This has several rea- 
sons. First, Niels Bohr, its most distinguished exponent, was 


* Bohr never sought to create a ‘school’ around his philosophical 
ideas, in the traditional sense of the word, As for the Copenhagen 
interpretation of Q.M., Rosenfeld believes that C.I. “‘is not just one 
among many interpretations, it is the only one.”’ (Discussion with 
Professor Rosenfeld.) 


6 CHAPTER 2 


more of a Socratic philosopher rather than an Aristotelian 
or even a Platonist. He developed more a method of think- 
ing which tells one how to attack and interpret physical 
problems, rather than a strict and narrow system (or some 
kind of foolproof program).'? Heisenberg, who had devel- 
oped the essential part of the theoretical scheme of Q.M. 
(which Bohr had not), accepted the complementarity inter- 
pretation of Bohr — but unlike Bohr, he never tried to for- 
malize it.2° Pauli, in his famous Handbuch article on the 
quantum theory, and in later writings, followed the Copen- 
hagen interpretation as indicated in the above statements.” ! 
All three of them agreed that the wave function y describes 
a state of a microphysical system as completely as one can 
hope to describe it, that the wave function has to be inter- 
preted statistically as shown by Born’, and that one cannot 
hope to return to the classical description of nature. 

A considerable clarification of the basis of this formal- 
ism has been accomplished since 1930. It was initiated by 
the important work of Birkhoff and Von Neumann??, and 
elaborated and refined by a number of physicists and math- 
ematicians.2? In 1964 Piron?* solved several of the prob- 
lems left open by Birkhoff and Von Neumann. One of the 
most important of these problems was the justification of 
the complex Hilbert space for the representation of states 
and observables. 

In the approach followed by Jauch and his collaborators, 
the fundamental concepts are the elementary propositions 
(yes - no experiments), and the physical structure of the 
quantal system is contained in the partial order relations 
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which these propositions satisfy. Jauch and Piron have 
shown that these proposition systems always constitute a 
complete, ortho-complemented, atomic, weakly modular 
lattice.25 Moreover, Piron has demonstrated that such a lat- 
tice has always a faithful representation in terms of the 
closed linear subspaces of a separable Hilbert space con- 
structed over a field with a continuous involution.?* Subse- 
quent refinements of these results by Zabey, Eckmann, 
Piron and Gudder have established the physical reasons why 
this field is the complex number field.” ® 

In another approach to Q.M. initiated by Jordan, Von 
Neumann, and Wigner*”, the fundamental objects are the 
observables which are represented by a certain algebra. In 
order to preserve the character of self-adjointness of the op- 
erators in Hilbert space which represent the elements of this 
algebra, it was considered necessary to postulate a symmet- 
tical multiplication law which is not associative. Thus the 
symmetrical product of two self-adjoint operators, 


Ao B=3(AB + BA) (1) 


is again self-adjoint and may, therefore, be considered as an 
observable. 

Algebras with such a multiplication law have become the 
objects of considerable mathematical research, and their 
structure has been elucidated in detail. However, it has been 
found that they cannot provide a suitable basis for an axio- 
matization of quantum mechanics. This approach has there- 
fore been replaced by another algebraic formulation in 
which the associative character of the multiplication is still 
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maintained, but the observables are connected only with 
the self-adjoint elements of the algebras. This has led to the 
non-commutative C*-algebra formulation of Q.M., with ap- 
plications to field theory and statistical mechanics. The pur- 
suit of these investigations, however, has not thrown new 
light so far on the fundamental problems connected with 
the axiomatic basis of Q.M. 

During the several decades since 1930, other points of 
view have also emerged and various attempts have been 
made to modify the Copenhagen interpretation. The latter 
has always had its most vigorous champion in Rosenfeld, a 
long-time disciple and collaborator of Bohr.?® In Rosen- 
feld’s view of C.L., the concept of duality is as indispensable 
as Bohr’s account of the measurement process given in 
1927.*? We shall see that not all physicists who consider 
themselves partisans of the Bohr-Heisenberg interpretation 
of Q.M. subscribe to the limitations set by Rosenteld. 


CHAPTER 3 


FORMAL PROBLEMS OF THE Q.M. SCHEME 


The Q.M. scheme described by the statements (1)(4), 
which is accepted even by most of those who do not sub- 
scribe to the Bohr-Heisenberg interpretation, is not valid in 
all actual cases. Some parts of it need to be restated cau- 
tiously. These formal problems occur both in nonrelativistic 
quantum theory and in the free-field relativistic theory. To 
the latter, according to common belief, the current formu- 
lation of quantum mechanics should also apply. However, 
there exist problems as to what one might consider to be 
the accurate formulation and limitations of the Q.M. 
scheme. 


3.1. Formal Problems in Nonrelativistic Quantum Theory 
3.1.1. Superselection Rules 


In 1952 Wick, Wightman and Wigner discovered that the 
superposition principle in quantum theory cannot be main- 
tained without exceptions.°° In Q.M., the usual assumption 
is that it is possible to carry out a ‘complete’ set of meas- 
urements, the result of which determines the state F com- 
pletely but for the usual phase factor. Ifinstead one assumes 
that the Hilbert space can be decomposed into certain or- 
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thogonal subspaces A, B, C,..., such that the compo- 
nents of F along A, B, C,...,mamely F,, Fy, F,,0. -, 
have arbitrary phases with respect to each other, than no 
measurement can decide between 


F.+F,+F,+... (2a) 
and 
tp +ebr, +e +... (2b) 


a, 6, Y..., being arbitrary phases. By this fact the expec- 
tation values of any operator connecting at least two sub- 
spaces A and B, etc., will, in general, be completely unde- 
fined and such an operator will not correspond to a meas- 
urable quantity. 

Now such ‘superselection’ rules which split the total Hil- 
bert space of a system into orthogonal subspaces do, in fact, 
exist in nature. A trivial example is provided by momentum 
conservation. If all states with total linear momentum p are 
in a closed system, and there are no transitions between 
two states of different total momenta, the phase factors, 
a, B, ... are unobservable. Further examples are provided 
by the conservation of the total angular momentum and the 
total electric charge. Wick, Wightman and Wigner showed 
that one can never distinguish between a state 


fa the (3a) 


and 


fafa » (3b) 
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where f, is a vector from a subspace with integral, and faa 
vector from a subspace with half-integral, total angular mo- 
mentum.*! They have recently returned to the case of the 
electric charge, because of some confusion which arose 
from recent papers.*? In the latter, the argument was given 
that a system C, composed of two subsystems A and B, can 
evolve under a charge-conserving interaction in such a way 
that A changes from a state consistent with the superselec- 
tion rule (say constant total charge) to another which is a 
superposition of different charges. Now Wick, Wightman and 
Wigner demonstrate that for this transition to happen, the 
system B has to be initially in a state which is a coherent 
superposition of states of different charges. Therefore, the 
superselection rules are not violated by these examples. 

In the case of the charge superselection rule the proof 
proceeds as in the first example of “intrinsic parity” given 
by Wigner et al. 20 They construct the most general density 
matrix and then consider three processes: the union of two 
systems, the change of a system in time, and the separation 
of a composite system into two systems. The proof in the 
first two cases is straightforward: in the case of the union 
of two systems, one may consider the systems as statistical- 
ly independent in the beginning and therefore take the di- 
rect product of the two density matrices as the density ma- 
trix of the composite system; the time change, on the other 
hand, is continuous and does not change the nature of the 
density matrix whether it agrees with the superselection 
rule or not. In the third process, however, where a compos- 
ite system is decomposed into parts, one has to be careful 
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because, on account of the possibility of an interaction be- 
tween the systems, the density matrix of the composite sys- 
tem in general contains more information than the density 
matrices of the subsystems. The crucial point in this case is 
the fact that in talking about the density matrix in one sys- 
tem one has to decompose the Hilbert space of the total 
system; on introducing an orthogonal coordinate system 
one finds that the density matrix of either system is consist- 
ent with the superselection rule provided the density of the 
total system is also. Thus if we start with only ‘permissible’ 
states which are not superpositions of states with different 
charges, then we shall always end up with another ‘permis- 
sible’ state. The superselection rules, therefore, limit the 
superposition principle in an obvious and unambiguous way, 
such that one might call this limitation even trivial. 

In the lattice-theoretic formulation of Q.M. none of 
these problems arise since, as Piron has pointed out, the lat- 
tice of propositions may decompose into a (discrete or con- 
tinuous) union of irreducible lattices.2* The states are then 
automatically mixtures of states in the irreducible sub-lat- 
tices, and nothing exists in this formalism which mathemat- 
ically would correspond to the superposition from incoher- 
ent subspaces. Thus the lattice-theoretic formalism is better 
adapted to the actual physical situation since it avoids the 
use of irrelevant mathematical objects with no counterpart 
in reality. 


3.1.2. Are All Hermitian Operators Observable? 


The correspondence between observables and Hermitian op- 
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erators in Hilbert space has not been entirely clarified. One 
usually assumes, more or less, a one-to-one connection be- 
tween them.!! In this connection, Von Neumann’s state- 
ments can be summarized as follows: 

(1) To every self-adjoint operator Q there corresponds 
an observable physical quantity. 

(ii) The result of a measurement is always an eigenvalue 
q, of the operator Q. 

(iii) The observation changes the state of a system w in- 
to an eigenstate W,, of Q. The probability of the occurrence 
of the eigenvalue q,, is given by 


I(,, v)I?, (4) 


where (¢,,, ) is the Hermitian scalar product of @ with y,,. 

The difficulty with the Von Neumann system (i)-(iii) is 
that it does not say how to carry out the measurement of 
the operator in practice. This question leads one into prob- 
lems of the theory of measurement, and we shall treat it in 
detail later on. First, let us confine ourselves to a formal 
property of the measurement process which follows from 
the non-commutativity of the operators in Q.M. For this 
purpose it is sufficient to describe a measurement formally 
as 


GE> Ey, Wry - (5) 


The initial state of the system is given by the vector ¢, and 
that of the apparatus by £. The measurement yields the 
final states y,, indicated by the macroscopically distin- 
guishable states x,, of the apparatus which correspond to the 
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results q,,. Now we may ask the question: For the operator 
Q, under what conditions are the states x,, of the apparatus 
macroscopically distinguishable? 

Wigner was the first to mention explicitly that operators 
which do not commute with conserved quantized quantities 
like charge or angular momentum might not be measura- 
ble.>? As a simple example, he chose a system in which the 
z-component of the spin is conserved, and asked for the 
measurement of the x-component of the spin. If, say, the 
two eigenfunctions of the z-component of the spin are Wo 
and W,, belonging to — /h and + | fh respectively, then 
the eigenfunctions corresponding to the x-component are 
Wo + Wy and Wo — W, respectively. Then, according to 
Equation (5), the measurement of the x-component can be 
written as: 


(Wo tVi)EF (Yo — Vix, 
(Wo — Wi)E> (Vo — Vi)’, (6) 
with (x, x’) =0. 


By rearranging these transformations, one obtains 


XOX gee ed 
Nee in = Vee : (6a) 
and 
~(W@erxors & cep 
X1—& + (Wo Z +W, Z rz) (6b) 


for the changes of the eigenfunctions Wo and WY, under the 
measuring process described by Equation (6). Now the ex- 
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pectation value of the right-hand side of Equation (6a, b) is 
given by the sum of the expectation values for (x + x’)/V2 
and (x — x’)/V2, and both values are equal. On the left- 
hand side, however, we expect a lower expectation value of 
the z-component of the spin for Equation (6a). Thus, either 
the z-component of the apparatus is infinitely large or one 
cannot measure the x-component of the momentum accu- 
rately. One is, of course, able to approximate this quantity 
in the sense that the measurement becomes the more accu- 
rate, the higher the content of the apparatus with respect to 
the conserved quantity. Wigner’s proof has been generalized 
to include arbitrary operators by Araki and Yanase.>4 


3.2. Formal Problems in Relativistic Quantum Theory 


We do not intend to address ourselves directly to the diffi- 
culties of defining a finite relativistic interaction, although 
they are in the background of our considerations. The for- 
mal questions have more to do with an adequate formula- 
tion of the process of measurement in relativistic quantum 
theory. 


3.2.1. Instantaneous Nature of Measurements 


In the theory of relativity, the coordinates do not have any 
meaning independent of the observation.2° Now one may, 
if the distance is not too large (compared to the curvature 
of space), reduce the measurement of space-like distances to 
a measurement of time; that is, all one needs for the obser- 
vation of coordinates is clocks.?© For the microscopic theo- 
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ry, it is essential that one ought to be able to consider the 
clocks as being microscopic, meaning thereby that it is pos- 
sible to consider the distinction between the macroscopic 
pointer and the clock as inessential, regarding only the light 
signals (with, say, one photon) as the important part of the 
clock. Q.M. imposes two conditions on a clock which is sup- 
posed to measure reasonable distances corresponding to 
time intervals up to T = nt, where 7 is the aceuracy with 
which one can measure time intervals. First, in the course 
of the measurement of the time interval T, the clock should 
pass through n orthogonal states at times 7, 27,..., mT, 
which tells us that the clock has a mass uncertainty of the 
order nh/T (= h/t). Second, the clock should show the 
proper time even after having been read once, which means 
that the process of reading it should not deflect the clock 
too much from its original world line, a condition which is 
satisfied if the clock is heavy enough.?” 

Reading the clock is connected with the emission of a 
photon or light signal of duration 7, within the accuracy 
considered, which gives the clock an indeterminate momen- 
tum h/cr. After a time interval T,, the clock is at a distance 
of hT,/Mcr from the point where it would have been if it 
had not been read. In order to measure the distance be- 
tween two points | and 2 within the accuracy 7, the mass M 
of the clock has, at least, to be larger than 


M>(he?r) (2%. (7) 


Equation (7) follows from a consideration of time meas- 
urements at both the points | and 2 respectively, and a 
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comparison with the ideal measurement in which the clock 
does not obtain a recoil. Instead of the result of Equation 
(7), a rough estimate would give: 

oe) - (8) 
The difference between the values given by Equations (7) 
and (8) can be explained physically. The more stringent 
condition (8) requires that the wave packet of the center-of- 
mass of the clock be confined to a region of size cr through- 
out the time interval 7. The weaker condition (7) only en- 
sures that the interval T is defined with sufficient accuracy 
within the wave packet which is spread out (in this case) to 
the size cr(\/7/r), that is much larger than cr. 

The next question is to verify the microscopic clock 
which measures with the greatest accuracy possible. One 
condition that must be satisfied is that the clock should 
have a very small extension /. Salecker and Wigner consid- 
ered possible examples of clocks, such as an ensemble of 
atoms in an excited state which indicates the flow of time 
by the number of particles decayed.*© The essential point 
in their discussion is how one may realize the ‘reading’, and 
this is most easily done by considering the motion of three 
particles (in a potential) with respect to each other. If the 
physical dimension of the clock is 2/, then for the lower 
mass limit of the clock one obtains. 


fe an po Ty CT 
M>=—=+ =—— =(—)(-)x = , 9 
ig er 2, 2, Me ©) 


where n is the number of stationary states which the clock 
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has to go through in measuring the distance T. Since, with 
the definition of accuracy given in Equation (8), the spread- 
out of the clock is / + cT/n, the ratio between (8) and (9) 
becomes equal to n?. Thus, the conditions under which a 
simple microscopic clock measures the time to an accuracy 
T is even more severe than what follows from a general ap- 
plication of the uncertainty principle. However, Salecker 
and Wigner were able to construct a composite microscopic 
clock which consists essentially of an ensemble of oscilla- 
tors with the frequencies 1/7, 1/27, ..., 1/n7. The restriction 
on mass then is essentially of the order given by Equation 


(8). 
3.2.2. Conflict Between Successive Measurements 


As in the preceding section, we shall also discuss here less 
the problems of physical interpretation of Q.M. than those 
of proper definitions. In quantum field theory (Q.F.T.) one 
starts by introducing field variables as kinematic and dy- 
namic quantities.2® Heisenberg attempted to introduce the 
limitation of the measurability of field quantities in a way 
similar to that of introducing kinematic quantities in the 
nonrelativistic theory.2?'*° However, a critical analysis by 
Landau and Peierls demonstrated that further restrictions in 
Q.F.T. were necessary.*! This situation was clarified in the 
famous paper of Bohr and Rosenfeld.*? 

The essential point is that if one considers point charges 
in order to measure field quantities, certain obvious diffi- 
culties arise. The inconsistencies disappear if one uses test 
bodies whose linear dimensions are large compared to atom- 
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ic dimensions, such that their charges can be considered 
spread out continuously over the whole body. In the for- 
malism of quantum electrodynamics (Q.E.D.), the field 
quantities have to be considered not as point functions, but 
as functions of space-time areas which formally correspond 
to the average of the idealized (in the classical sense) local 
field components in these areas. By this process one arrives 
at some limitations concerning the unique description of 
the time sequence of measurements. It should, however, be 
emphasized again that the limitations which must be dealt 
with have nothing to do with the atomistic or elementary 
structure of matter, because we are discussing here the role 
of classical test bodies (of classical dimensions) which in- 
fluence and are influenced by the fields according to the 
laws of classical field theory. 

Bohr and Rosenfeld?” concentrated on connected space- 
time areas whose volume V remains constant in a certain 
time interval T, and defined the field as 


E@H)=l sa sé av, etc. 10 
: ort f -s ae) 


For the two regions I and II, one derives from the commu- 
tation rules for the electromagnetic field, 


AZO ROD ~nig@—dY |... 
Ast AR" =0, (11) 
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From Equation (11), one recognizes that the average val- 
ues of all field components in the same space-time area 
commute with each other and can be measured indepen- 
dently of each other with arbitrary accuracy. Thus the non- 
commutability of different field quantities (such as & and 
#) in the usual formalism is due to the use of the concept 
of a point charge which does not allow for an accurate 
boundary of the measured area.*? 

A quantum field exhibits two features. First, it shows 
the so-called vacuum fluctuations. Second, the uncertainty 
products in Equation (11), or their square roots, define a 
critical field quantity &@ which is of the same order as the 
vacuum fluctuations in the case when the linear dimensions 
L are smaller than c7, and much larger if one considers large 
linear dimensions, as is usually the case. With a ‘macroscop- 
ic’ test body of charge density p one can measure the field 
strength in a volume V over the time interval T to the accu- 
racy 
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if Ax is the accuracy of the position measurement of the 
test body, which, in principle, can be made arbitrarily small. 
However, in Equation (12) the ‘field’ effects of the test 
body have not been included. These correspond essentially 
to the vacuum fluctuations, and can be neglected in the case 
of large spatial extension V. 

The electric field, say the x-component 6, , can be meas- 
ured with a test body of charge density P, which causes a 
momentum transfer in it, given by 


Pi — P= pé,VT . (13) 


If the momentum of the test body is measured at time t’, 
then we have to add on the right-hand side of Equation i3)), 
a term 6’, whose accuracy is of the order of 


ABU D =p, AxV, 7,198 OI. (14) 


For the minimal value of the product of the uncertainty 
the measurement of field components in two different 
space-time regions I and II, one now obtains 


AL Ag ~n lg A 1, (1s) 


which is consistent with Equation (8). 

From this discussion, the conclusion can be drawn that 
one can talk about the time sequence of observations only 
when the time intervals are fully separated, that is if (and 
only if) one of the quantities r—c(t,—t,) or r—c(t2—t1) is 
zero for all pairs of points of the area J and II. These con- 
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siderations were further extended later on by Bohr and 
Rosenfeld, and Corinaldesi.*? In this context, the critical 
question to ask is this: Does the answer given above follow 
completely the spirit of Q.M., a theory which connects suc- 
cessive measurements? The problem with Q.M. can be avoid- 
ed by taking infinitesimal extension of the domains in time, 
but this can be done only at the expense of relativity. If an 
arbitrary volume in space-time is considered, it is difficult 
to see how one can define a field strength in its center with- 
out taking the interaction with the apparatus into account, 
because the measuring apparatus might very well have inter- 
acted with the field at earlier points of the space-time do- 
main. One possibility, which might solve the problem, is to 
consider the light cone of a point in space time rather than 
a constant time cut.*4 


CHAPTER 4 


THEORY OF MEASUREMENT AND THE 
EQUATION OF MOTION 


We shall discuss the theory of measurement by first review- 
ing the more formal aspects of the problem, and shall re- 
turn to its conceptual basis later on. 


4.1. The Formal Scheme of Q.M. 


The Q.M. scheme consists of two rather distinct parts: the 
equation of motion and the theory of observation. This dis- 
tinction might most appropriately be emphasized by exam- 
ining the changes which the statistical operator W, repre- 
senting a state of a system, undergoes according to the equa- 
tion of motion and the process of observation respectively.*> 
If R is an observable and the ¢, form a complete set of 
eigenvectors, P,, represents the projection of the eigenvec- 
tor ¢,, and H the Hamiltonian of the total system, then the 
two changes in question are given by the equations 


WW, =e twellt . (16) 
and 
W>W= (9, WO, Pr - (17) 


Equation (16) represents a unitary transformation due to - 
the equation of motion, whereas Equation (17), which gives 


24 CHAPTER 4 


the result of the measurement, does not. How can these two 
different changes be reconciled within one formalism? Is it 
possible to express microphysics in terms of either Equation 
(16) or Equation (17) only? 

The orthodox (Copenhagen) answer to this question was 
most clearly stated by Von Neumann.'! In his view, Q.M. 
applies everywhere with the Schrodinger Equation (16). 
The discontinuous process described by Equation (17), 
however, arises from the fact that one wants to say some- 
thing about the changes of a system S, whereas the continu- 
ous Equation (16) applies only to the system S,, which is 
made up of the system S and the measuring apparatus M. 
Now in order to determine the quantum state of S, one 
needs another observing system M,, so as to register this 
state and study whether it obeys Equation (16). Thus one 
actually arrives at a system S, = S+M+M,, and the game 
proceeds ad infinitum. Conventionally one is not really 
bothered by this situation, because with Von Neumann one 
can show that the result of the measurement on § does not 
depend on whatever system is finally treated with the “‘re- 
duction of the wave packet” equation (17). Apparently, 
this situation seems to indicate that one needs an “ultimate 
observer” whom one can neither eliminate nor deal with 
the Schrodinger equation. This observer has often been rela- 
ted to an “unphysical” property, called “consciousness”’.*® 
To many physicists, not necessarily of the Soviet (Marxist) 
school, such a conclusion means the denial of a completely 
objective world, and they are not inclined to accept such an 
interpretation. There are at least two obvious formal ways 
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out of the dilemma. First, one may try to push the discon- 
tinuous Equation (17) into the background. Second, one 
may drop the continuous Equation (16) and work only 
with relations between the different measurements. Both 
paths can be followed, with greater or smaller philosophical 
consequences, and we shall deal only with the formal side 
of these attempts, with as few changes in the physics and its 
interpretation as possible. 


4.2. Quantum Theory as the Theory of Observations 


Formally the most simple attitude toward Q.M. is to regard 
it entirely as a theory relating successive measurements. In- 
deed there arise certain difficulties with respect to the rela- 
tivistic theory, as we have noted earlier, but at least the 
nonrelativistic theory can be formulated unambiguously.*7 
The measurement at time t = 0 is described by an operator 
Q. The content of the continuous equation of motion (16) 
can be extracted by requiring that the same measurement 
at time t # 0 is connected with Q(0) by the equation 


Q(t) = e—4™ Q(0) eh (18) 


Now one defines a projection operator P; which leaves the 
outcome j of the measurement unchanged, but annihilates 
the other state vectors; P;(t) is related to PO) by an equa- 
tion of the same structure as Equation (18). 

With these definitions Q.M. can be reformulated in terms 
of the projection operators of successive measurements. 


Two subsequent measurements with the outcomes / and j 
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are connected by the equation 
Trace (P; P;)/Trace P; = Trace (PP;P,)/T race P., (19) 


which gives the probability that the second measurement 
yields the outcome j, if the first one gave 7. Of course, as 
mentioned above, this reformulation, although it puts the 
emphasis on the discontinuous change due to measure- 
ments, nevertheless includes the Schrodinger equation. But 
the concept of the state vector which should undergo the 
two different changes is simply eliminated here, and only 
the correlations between successive observations play a role. 
Margenau and Hill pursued a similar point of view.*® They 
dealt, however, with two simultaneous measurements rather 
than a succession of these. Rather than radically suppres- 
sing the notion of a state, they use it, and finally tend to 
the opinion that the act of measurement converts the origi- 
nal state intoa mixture, whereby the “projection postulate” 
of Von Neumann can be weakened. We shall deal with some 
aspects of such a view later on, but first let us turn to the 
claim that one can base Q.M. entirely on the continuous 
equation of motion. 


4.3. Quantum Theory without Quantum Jumps 


Schrodinger best advocated the dream of quite a few physi- 
cists who wanted to formulate atomic theory in such a way 
that the mysterious quantum jumps, which are obviously at 
variance with classical physics, would disappear.*° Here we 
shall mention a much more modest claim, based upon the 
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full acceptance of the quantum mechanical formalism, the 
only exception being the “reduction of the wave packet” 
theorem which necessarily seems to enter into the present 
formalism. Feyerabend took a step in this direction by at- 
tempting to reformulate Q.M. on the basis of the equation 
of motion and some qualitative statements concerning the 
measurement process.” ° He started with Equation (17), for- 
mulating it as, 


Po 2 KC 16,) |? Py, = UPy Poo, » (20) 


where Pg, denotes the statistical operator in the initial state 
®, and @,, the eigenfunctions of the observable R. He called 
the process described by Equation (20) an ‘incomplete’ ob- 
servation, because the reduction to a specific state ¢, has 
not yet been done since the result of the measurement has 
not been ‘read’ yet. He claimed, however, that this “direct 
representation’ of the observation fits neatly into a ‘contin- 
uous’ quantum theory. 

To support his point of view, Feyerabend considered the 
measurement of a variable with two eigenstates ¢, and ¢, 
with, in general, unequal probability according to Equation 
(20), and required that these states should lead to macro- 
scopically different positions of the pointer of the appara- 
tus. He then divided the observation process into three 
steps: 

Step 1. Interaction between the system S and the appa- 
ratus M: This is the only interesting step in classical me- 
chanics and immediately leads to the result. In Q.M., it 
leads to the ‘transition’ into the mixed state given by Equa- 
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tion (20). But this state, call it P’, is certainly different 
from the analogue in the ‘classical’ case, namely 


PH Py = \(PIGDI? Py Py +1(Pl G2)? Py, P.. (21) 


Here P, and Pz correspond to the macroscopic state of M, 
referring to ¢, and $, respectively. 

Step 2. Incomplete measurement and its representation: 
The formal transition is due to 


P > Pas (22) 


and it cannot be reduced to the (continuous) Q.M. equa- 
tion of motion, since it happens in the macroscopic world. 
The transitions from the quantum description to it always 
involve approximations. 

Step 3. Choice of an element of the mixture: This leads 
to a complete determination of the state of the system plus 
the apparatus, but it also involves approximations to the 
macroscopic world. 

What has been gained by this procedure? Thus far, only 
a suggestion which involves the unknown transition from 
the microscopic to the macroscopic world. More specifical- 
ly, Feyerabend illustrated his assumption that the states of 
the system $, and ¢, have to be classically distinguished. 
With this prerequisite he could write Step 1 as 


lgi)> ey y = leo, e%% 
1d.) > 1¢2)’ = ler$2) e%*: , (23) 


and 
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Qy —a>2. 


Thus the interaction between the system and the apparatus, 
which causes the transition given by Equation (23), will 
also destroy the interference between ¢, and ¢,, provided 
that all a,, a, satisfying (23) are equally probable. Under 
these assumptions one obtains immediately from Step 1, Py, 
instead of P’to a very good approximation, and one does 
not have to assure the jump from P’ to Py, since the differ- 
ence between them is very small to begin with. In Step 2, 
one introduces a macroscopic observer who will not see the 
difference between P’ and P,, anyway (principle of the mac- 
roscopic observer). 

Feyerabend’s view is interesting, although two assump- 
tions are involved which might partially imply what he 
wants to prove. For instance, one might ask: What do “mac- 
roscopically distinguishable” microscopic states mean? Since 
it is essentially by this notion that Feyerabend overcomes 
the hurdle of quantum jumps, a closer examination is nec- 
essary. One suspects that by applying the correspondence- 
like transformation given in Equation (23), the job is al- 
ready done. This brings us to the second question which 
concems the nature of the approximation to the classical 
description. By choosing it consistently with the corre- 
spondence principle, the Q.M. formalism enters immediate- 
ly even if the conventional measurement theory is not men- 
tioned explicitly. Finally, as Jauch has pointed out, the 
equations (17) or (20), which form the starting point of 
Feyerabend’s considerations, already include part of the 
quantum discontinuity.>? 
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4.4. Indeterminate State Vector of the Apparatus 


It is possible to be less mysterious about the nature of the 
measuring apparatus by making the following assumption. 
Since the measuring device is macroscopic, consisting of 
many atoms having many degrees of freedom, one can re- 
late to it an unspecified (microscopic) state. This possibility 
has been studied, but its consequences seem to contradict 
experience.°? The important point is that we want to ob- 
tain finally a result in which the state of the apparatus is 
definite. As an example, let us choose a system S with dis- 
crete states o!), o(?) . having eigenvalues dy, Az, .... If 
we start with an initially sharp state a x o'”) of the system 
plus the measuring apparatus M, then the interaction will 
not change the microscopic state of the system o”) but it 
does change the state of the apparatus, or 
ax o) 


re 
(measurement) a‘? x of) (24) 


Here the a‘), which refer to different positions of the 
pointer, are orthogonal and macroscopically distinguishable. 
No statistical element has entered the prescription so far. 
However, if we start from an initially unsharp state of the 
system, namely 


a, 0") +a,00) +... , 
then the measurement changes the initial state to 
ax [Za,o™ | > La, fe™x o™}] . (25) 


Now on the rhis., a statistical correlation enters between 
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the state of the object o”) and that of the apparatus, and 
the simultaneous measurement of the two quantities (the 
state of S and the pointer position of M) always leads to a 
concordant result. Therefore, one measurement is unneces- 
sary, because in the final state we never have 


a) x oO) with pp, (26) 


and we look only at the pointer of the apparatus. Thus far 
the orthodox view is typically expressed by Equation (25). 

An obvious modification of the orthodox view consists 
in attributing to the final state (after the measurement), not 
a state vector [r.h.s. of Equation (25)] but a so-called “mix- 
ture” of state vectors 


a“) y gi) (27) 


with probabilities lay |?. The state would then not be 
changed at all by the measurement if one would relate the 
expression (27) to the various possibilities of the world, 
and simply say that our final observation increases our 
knowledge.°? That the Equation (25) contains more infor- 
mation than Equation (27) can be demonstrated with a 
modified Stern-Gerlach experiment, in which we do not 
measure the splitting of the beam but bring it once more to 
have interference. This effect would not follow from Equa- 
tion (27). Of course, one might say that this is not the rule 
of the game because it is necessary that one should actually 
carry out the measurement before one inserts the second 
magnet; but then we have to introduce again the concept of 
the unfinished measurement and we have not gained any- 
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thing. Consequently we might be led to the assumption that 
already the initial state of the apparatus is a mixture of 
AQ) A@) | with probabilities p, ,p2, ..., A being or- 
thogonal to A“) for yz # v. Starting from a sharp state of 
the system o), with probability Pp, we obtain after the 
measurement, 


AE) x Gg) + fOr) x of , (28) 
and starting from an unsharp measurement, with probabili- 
ty Dp, we get 

B®) x Yayo”) > Ya, [fh x o™] =O? | (29) 

v v 
with 

(sf), Aor) = Spa5up - 

That is, all states of“) gf@) _ describe the state 0). 
Now the most general state, for which the originally 
measured quantity has a definite value A, (this state being 


also coupled to some state of a definite pointer position, 
that is one of the states 


a with EP w™) = lau !? ), 
is given by 
yuk) Ex (OH) x gH] (30) 


But the mixture of ©) cannot be taken for a state y*) | 
according to Equation (30), if more than one a # 0. Thus it 
is not compatible with the equation of motion of Q.M. that 
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a state of the system S + M, after the measurement, be a 
mixture of states, each with a definite position of the point- 
er. D’Espagnat has generalized this result to hold for more 
general measurements than those considered here.° * 


CHAPTER 5 


TRANSITION TO THE MACROSCOPIC WORLD 


It is considered beyond any doubt that one should be able 
to describe the macroscopic world with the equations of 
Q.M. The question is simply how to do so and where do the 
specific features of macroscopic matter come in. The theo- 
ry of measurement has to take a standpoint about this ques- 
tion, and although one cannot claim to have arrived at a 
complete answer, there do exist certain indications in the 
right direction. The Bohr-Heisenberg approach (C.I.) pre- 
sented the first scheme which explicitly showed the differ- 
ence between the macroscopic and the microscopic descrip- 
tions, putting its finger on the gap which separates the two. 
The C.J. sought to bridge it by means of the principle of 
complementarity. It might, therefore, be appropriate to 
make some remarks about the connection between the mi- 
croscopic and macroscopic descriptions in C.l. We shall 
then turn to the statistical view advocated by Born. In fact, 
one should be able to talk about the Q.M. of one micro- 
scopic particle even though in most cases one measures a 
many-particle effect. Various ways have been proposed to 
reconcile the present classical prescription with Q.M., but 
the conclusion which many people have reached is that one 
cannot reach the level of classical mechanics with the Q.M. 
formalism. The difficulties of explaining the measuring 
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process without doing violence to the Q.M. equation seem 
to indicate that one would have to add something in order 
to obtain the classical description, even in the classical limit. 


5.1. Complementarity 


A favorite way of explaining complementarity starts with 
the consideration of the wave and particle properties of the 
light quantum. For at least one hundred years, it had been 
thought that radiation, in particular the visible light, was as 
perfect a wave process as one could imagine. In 1905 Ein- 
stein discovered that, under certain conditions, radiation 
behaves like spatially concentrated packets, similar to point 
particles. De Broglie generalized this hypothesis to include 
matter (which exhibits wave properties under suitable con- 
ditions). Since the empirical verification of his prediction 
one talks about the dualistic nature of matter and radiation. 
When Heisenberg discussed the meaning of the classical ki- 
nematical quantities as applied to atomic physics he found 
that their application was restricted.? From his Gedanken 
experiments, he found that the concept of a point particle 
describing an exact orbit made as little sense as that of the 
classical wave theory, if atomic dimensions were considered. 
Heisenberg decided that there were two possibilities of re- 
presenting atomic processes: one could either describe the 
phenomena in terms of space and time and accept the un- 
certainty principle, or keep the causal relationships as ex- 
pressed in the mathematical laws and accept the disadvan- 
tage that the physical description in space and time is im- 
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possible. Both descriptions, however, are related statistical- 
ly to each other.°4 

Bohr expressed the same situation slightly differently. 
His approach was not rooted in the mathematical formal- 
ism, but he felt more strongly than the younger generation 
the dilemma of the wave-particle duality. He therefore de- 
veloped his intuitive approach independently from Heisen- 
berg.°> Bohr recognized that the wave and particle aspects 
are contradictory, but also that both are necessary to give a 
correct and complete picture of nature. He did not merely 
accept a reinterpretation of the classical concepts, be it 
wave or particle and their relevant properties; rather he in- 
vented a logical instrument to describe the new situation, 
namely “complementarity”. Bohr interpreted the uncertain- 
ty relations as the price one has to pay if one uses the clas- 
sical description. In fact, no situation can arise in which 
both of the complementary aspects of the phenomenon 
show up simultaneously and rigorously. The contradiction 
arises from the fact that one has to measure the properties. 
The interaction between the object of observation and the 
measuring apparatus cannot be neglected, even in the limit- 
ing case, and one cannot therefore really sharply separate 
the properties of the atomic system from the effect of the 
measuring apparatus whose behaviour must be expressed in 
classical terms. Whereas Bohr applied the concept of com- 
plementarity to two different descriptions, Pauli did so to 
two quantities which do not commute, such as the position 
and momentum of a particle.*° Bohr persistently sought to 
apply and extend his principle of complementarity in an in- 
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tuitive way, for instance to defend the consistency of the 
new (Q.M.) description of Nature in his discussions with 
Finstein, but he never formulated it in terms of an equa- 
tion.>” The lack of a mathematical formulation of the com- 
plementarity principle makes it difficult to discover any 
serious flaw in Bohr’s interpretation. A strong stand in its 
favor has been taken by some who came strongly under 
Bohr’s philosophical and epistemological influence, but no 
more concrete formulation has been given by them.>® For 
instance, Rosenfeld essentially discusses those problems of 
the interpretation of Q.M., the intuitive solution of which 
had already been proposed by Bohr, and it is difficult to 
argue against his position.°? This, however, does not satisfy 
those who seek to find a less intricate way of expressing the 
situation in Q.M. This situation concerns less the founda- 
tion of the theory, than a closer description of the measure- 
ment process. 


5.2. Statistical Description 


A coherent way of talking about nature was proposed by 
Max Born. In an exchange of letters with Einstein he fur- 
ther developed the idea that all description of nature is fi- 
nally statistical; one simply forgets this fact in classical 
physics due to an idealization which is really not permissi- 
ble.©® Born realized that the wave function has to be inter- 
preted in a statistical manner, and this does not seem to be 
the case in any classical description. If one starts, however, 
with the fact that the natural laws represent our knowledge 
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about objects rather than the objects themselves, a fact 
which Born considered to be the essence of quantum theo- 
ry, one can always assume that this knowledge is unsharp 
and incomplete. 

Bom claimed, for instance, that determinism in classical 
theory is rather superficial, and does not stand strict exami- 
nation.°! For example, a particle moving between two 
walls with a small unsharpness in momentum will, after a 
finite time, be anywhere between the two walls, and one 
should describe this situation by a statistical distribution 
rather than by well defined coordinates. The accuracy with 
which one can measure the initial distribution in quantum 
theory is limited in a definite quantitative manner, and one 
draws the necessary conclusions from it. 

In Bom’s description of nature, therefore, there is no 
contradiction between our equations (16) and (17), because 
there does not exist a deterministic description from the 
start. Bopp has tned to extend Born’s ideas in order to 
build a statistical quantum theory of a particle.°? The point 
here is not so much that the statistics which one has to ap- 
ply agrees well in all cases with classical statistical mechan- 
ics, this is, in fact, not true, and both statistics join smooth- 
ly in the appropriate limits. It should be mentioned that the 
statistics of micro-particles and classical macro-particles in- 
dicated here is not identical with the (classical) statistical 
mechanics of many particle systems, a suggestion which un- 
derlies the belief that Q.M. offers an excellent example of 
the importance of collective phenomena.°? In recent dis- 
cussions about the foundations of Q.M., Aharanov ef al., 
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for instance, have sought to make it clear that Q.M. applies 
to single particles, and all the phenomena which show up 
are due to single particles if interpreted correctly.°* 


5.3. Probability in Quantum Physics 


As the above discussion shows, the emphasis in the problem 
of the interpretation of Q.M. has shifted significantly. In 
fact, the original considerations of Bohr and Heisenberg 
have been turned around. One no longer asks how micro- 
physics should be described in terms of macrophysics, but 
rather how to describe macrophysics in terms of microphys- 
ics. Such a question had, in fact, already been raised by 
Einstein in 1916.°° From his derivation of Planck’s radia- 
tion formula using statistical laws, he obtained the classical 
(Jeans) limit of his theory. Einstein’s work influenced Bohr 
to develop the correspondence principle.°® Rather early in 
the development of the interpretation of Q.M., while deal- 
ing with the problem of the thermodynamical equilibrium 
of an n-particle system, Wigner also found the connection 
between the classical and quantum domains.°” A unifying 
approach, containing both quantum and classical mechanics 
as special cases, has recently been suggested by Piron.°® In 
this description the quantum theory with superselection 
rules is in a sense an intermediate case between classical and 
quantum physics. 

It is clear beyond any doubt that the probabilistic inter- 
pretation of the quantum formalism is here to stay, quite 
apart from the question whether an ultimate deterministic 
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theory of the microphysical phenomena will eventually be 
possible. Even if such a theory were possible, its detailed 
mathematical description would presumably be as useless as 
the detailed motion of individual molecules for thermal sys- 
tems. It is, therefore, of interest to have a mathematically 
rigorous and complete description of the probabilistic part 
of quantum physics, as one has for classical physics. The de- 
velopment of such a quantal probability calculus has not 
yet been made although the need for it has been expressed 
several times.°°’ 7° 

The difficulty becomes explicit if one considers the fact 
that the observables in Q.M. are represented by non-com- 
mutative linear operators. This leads to a serious problem if 
one wants to define the joint probability for pairs of such 
operators. This problem was analyzed in some detail by 
Margenau and Wigner for position and momentum variab- 
les.?!»7? For this case, they concluded that no positive def- 
inite joint distribution function could be defined. 

This situation suggests a reexamination of the classical 
probability calculus, with a view to adapting it to the actual 
physical situation which one encounters in micro-physical 
objects. That such an adaptation is possible and necessary 
has emerged most clearly from the lattice-theoretic formula- 
tion of Q.M. 

In order to distinguish logically between the mathemati- 
cal formalism and its application one should make a distinc- 
tion, as Jauch has emphasized, between probability calculus 
and probability theory.’> The former is a purely mathemat- 
ical structure and need not have any particular interpreta- 
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tion. The latter is concerned with the application of this 
structure to specific problems of physics. The application 
may be justified by a critical analysis of the limits of validi- 
ty, and this constitutes the essential part of a probability 
theory. The calculus as such, if it is well done, should be 
free from any ambiguity since it is a part of pure mathemat- 
ics. It is also arbitrary, to some extent, and it is conceivable 
that several different calculi are possible each with its own 
characteristic field of application. The logical situation here 
is very similar to that encountered in geometry. Euclidean 
geometry is a mathematical theory which has a vast domain 
of applications in many parts of physics. But it becomes 
useless for navigating on the surface of the earth, for which 
it must be replaced by spherical geometry. Thus by chang- 
ing the mathematical structure, the range of applicability 
can be extended to the quantitative description of new phe- 
nomena. 

Until recently only one such calculus has been consider- 
ed, that developed by Kolmogoroff. The basic concepts of 
the classical calculus are event space, probability measure, 
distribution functions and expectation values. They have 
been discussed extensively in the literature.’* And until re- 
cently the applicability of this calculus has been assumed to 
be universal. However, this is not true, and the calculus 
which is needed for microphysics is not identical with Kol- 
mogoroff’s calculus. 

There is an essential difference between classical and 
quantum physics, in the set of elementary events. Whereas 
in classical physics they form a Boolean lattice, and can 
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therefore be identified with the subset of measurable sets, 
the lattice in quantum physics is not Boolean and cannot 
therefore be so identified. This fact has a decisive influence 
on the calculus of probability and we may call the new 
mathematical scheme quantal probability calculus.’* Here a 
new measure arises which might be called a ‘state’ of the 
system, since the preparation of a state always produces a 
measure of this kind. The new concept of the measure does 
not modify the definition of random variables and distribu- 
tion functions. But a crucial change is brought about by 
the fact that the distributive law of the proposition system 
is not valid any more. Hence there exist propositions which 
are not compatible, reflecting the non-commutativity of 
certain pairs of operators in Q.M. We do not wish to go into 
the details of all these modifications, but let us briefly men- 
tion a modification of a slightly different kind, that of 
using negative probabilities in Q.M. 

The use of negative probability was first considered by 
Dirac with the goal of reducing the divergencies in quantum 
field theory.’° This feature of the theory is intimately con- 
nected with the use of an indefinite metric in Hilbert space 
as Pauli showed ina review of Dirac’s work.”” An indefinite 
metric (indefinite form) in the space of states has been ap- 
plied widely, especially in models of quantum field theory.”8 
The question of the consistency of these theories is still 
widely discussed, but it seems that some progress has been 
achieved recently.?° 

We should emphasize, however, that the use of indefinite 
metric is ultimately linked with the relativistic aspects of 
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Q.F.T. In nonrelativistic Q.M. there is clearly no need of 
extending the notion of the metric. In fact, one can show 
under rather general conditions and assumptions, for in- 
stance those made in the axiomatic formulation of Jauch 
and his collaborators, that the Hilbert space with definite 
metric is inevitable.2° Although several different but essen- 
tially equivalent representations of the lattice structure of 
the quantal proposition system are possible, in every class 
of equivalent realizations there exists exactly one canonical 
realization which uses a Hilbert space of positive metric.®! 


5.4. Macrophysical Description 


The problem of the transition from quantum to classical 
description has often been discussed. One of its aspects is 
the passage from the probabilistic interpretation of the 
Schrodinger wave function to the classical deterministic ev- 
olution. A detailed analysis of the essential features of this 
problem was made by Moyal.®? His conclusion was that the 
probabilistic features of quantum and classical statistical 
mechanics are different: classical statistical mechanics is a 
“crypto-deterministic” theory where each point in the event 
space evolves with a deterministic equation of motion; a 
similar interpretation of quantum kinematics is only possib- 
le with a probability distribution in phase space which can- 
not be assumed positive definite.® + 

The prescriptions for transition from the quantum to the 
classical description are well known in some respect, but it 
is still difficult to derive from these a formally satisfactory 
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theory of measurement. An attempt in this direction was 
made by Ludwig.°* The essential point in this derivation is 
the fact that classical and quantum physics are different 
theories, and can be related to each other only under specif- 
ic circumstances.®*> For instance, in the Q.M. Hamiltonian 
function 


aS ,h a 
— ts aq’? , (31) 


one cannot simply let h tend to zero in order to obtain the 
behavior of a classical particle, because in general the opera- 
tor 0/dq cannot be considered as small. By considering a 
free particle at high energies, it is possible to construct a 
suitable wave packet and obtain a particle which does not 
disintegrate, provided the uncertainty in energy is finite. 
The classical behavior, therefore, does not follow automat- 
ically from h>0 or E>" orm>-, 

A simple notion of correspondence between the differ- 
ent domains of nature is not enough to furnish us with the 
essential features of the macroscopic description. Instead, 
one might examine the concept of a ‘macroscopic observ- 
able”, and determine which among the quantum variables 
can be reinterpreted as macroscopic. Ludwig has discussed 
what certain prerequisites for the observables must be as a 
consequence of the ergodic theorem, that is, only those 
quantities play a macroscopic role that tend to a constant 
equilibrium value at tf > °° with reference to the internal 
variables and the center of mass, etc.2* 

According to Ludwig®® | the problem of the theory of 
measurement is the following: Let P be a projection opera- 
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tor for the variable A ; its expectation value is given by 
M(P) = Tr (WP) 

where 
W,=e'FtWoel#! with Tr W=1 (32) 


gives the statistics, and H is the Hamiltonian operator of the 
system. Must one assume Equation (32) as an independent 
axiom in Q.M.? If so, how should one interpret its meaning? 

Some other questions arise that must also be considered 
in detail. For instance: (i) Since W, which in a sense repre- 
sents the quantum ensemble, is obtained from the experi- 
ment, one must ask how it should be defined. (ii) The varia- 
ble A is measured with an apparatus which gives macroscop- 
ically fixed results. What is the significance of this fact for 
the structure of Q.M.? (iii) How does W change in the 
course of the measurement? 

Crucial for all such questions is the relation of classical 
macrophysics to Q.M. By classical macrophysics Ludwig un- 
derstands not necessarily a deterministic theory because, 
for instance, irreversible thermodynamics although classical 
is not deterministic. He considers classical physics and Q.M. 
as parts of a more general theory, non-existent so far, which 
would embrace both of them as approximate special cases. 
Because if Q.M. were to be considered as being always valid, 
then one would require a “supermacrocosmos’”’ as the ap- 
paratus to test this assertion. The latter does not exist (on 
account of Von Neumann’s final cut).'! 

What are the differences between the classical theory and 
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Q.M.? Certainly the axioms of Q.M., that every Hermitian 
operator represents an observable, and that any positive def- 
inite operator represents a possible ensemble breakdown in 
macrophysics. Now we know that even in the atomic world 
certain elementary principles, such as the construction of a 
product space say of two electrons, have to be restricted by 
the requirements of symmetry or anti-symmetry. In Lud- 
wig’s view, this process of increasing restrictions will contin- 
ue to hold if one turns to more and more complex systems 
and finally arrives at a theory embracing Q.M., macrophys- 
ics and biology. Starting from the quantum systems, the 
same process also serves to determine the macroscopic vari- 
ables. In the macroscopic case, there should exist a relative- 
ly much smaller number of degrees of freedom, as com- 
pared to those of the underlying quantum system. One re- 
quires that the time variation of the macroscopic variables 
be rather slow, and that they should always commute. The 
observables thus constructed are then related by corre- 
spondence to the classically known variables. In addition, 
the microscopic ensembles W change to W, containing no 
interference terms, and satisfying the relation 


M(Annac.) = TH(WA mac.) = TH WArnac). (33) 


A kind of smearing is finally carried out to reduce W to W, 
a smooth function of the macroscopic variables p, ... Pr; 
which we denote by p/p, ... Py). One has therefore full 
knowledge of the measuring process once the transition of 
the ensemble W to the ensemble p is known. 

The measurement of a quantum observable now consists 


mac. mac. 
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of the following steps: One takes a micro-ensemble W and 
constructs the variable A,,,.., and measures the latter mac- 
roscopically via the ensemble p. The whole problem is thus 
solved without any cut or introducing a subjective element. 
One must admit, however, that this procedure is rather te- 
dious, and has to be repeated in all cases separately. 


§.5. Measurement as the Increase of Information 


Daneri, Loinger, and Prosperi have, during the last few 
years, tried to formulate a relation between statistical me- 
chanics and the quantum theory of measurement, using es- 
sentially the idea that the collapse of the wave packet may 
result from an increase of information or an irreversible 
process involved in the act of observation.®” They start 
from the assumption that Q.M. describes a microsystem on- 
ly through its interaction with the macrosystem, and that 
statements concerning the macroscopic state of a large 
body have a meaning independently of its observation — 
that is, two persons who observe a macroscopic body or 
take a reading of the apparatus always “see the same thing”. 
Accordingly, the problem is only to prove that the actual 
reading of an apparatus may be consistently interpreted as 
resulting in the increase of information. 

In macrophysics the behavior of a body is described in 
terms of a limited number of (macroscopic) variables to 
which are ascribed well defined values at any time, and 
which evolve deterministically obeying certain differential 
equations. But a macroscopic body is made up of atoms to 
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which the Q.M. description applies, including the concepts 
of observation, probability and interference terms. There 
are two problems in deriving macroscopic physics from 
Q.M.: (i) To construct Q.M. operators which describe mac- 
roscopic quantities, and (ii) to show that the dispersion of 
macroscopic quantities can be made negligible on the mac- 
roscopic scale, and that the (practically) well defined value 
of those quantities follows the correct laws of macroscopic 
physics. 

The first question can be dealt with by the considera- 
tions of correspondence, but as Ludwig and his collabora- 
tors have shown, this problem is by no means trivial.2*>8° 
Daneri et al. are not bothered by this problem, and consid- 
er only the second question. Clearly, the macroscopic de- 
scription of physical quantities is a closed one, and it is pos- 
sible to calculate them at all times; the problem is to obtain 
this description with the help of a quantum ergodic theory 
of macro-systems. The macrostates are related to probabili- 
ty distributions over quantum microstates. The approach of 
Daneri et al., more than that of Ludwig and collaborators, 
leads to the following solution: One should consider as 
results of the measurement only macroscopic quantities, 
obeying the macroscopic equations of motion. Underlying 
these, there exists a microscopic mechanics following mic- 
roscopic laws which are eventually different from the mac- 
roscopic laws. The relation between the two is given by a 
master equation, similar to the quantum mechanical master 
equation.°°-89 The interference terms, which present a 
problem for the theory of measurements, are made to dis- 


TRANSITION TO THE MACROSCOPIC WORLD 49 


appear by using the master equation and properly defining 
the term macroscopic variable. However, both of these as- 
sumptions go into this treatment of the measuring process, 
and one must remember that both are only assumptions, 
which are merely motivated rather than proved rigorously. 
Indeed, even in classical statistical mechanics, the existence 
of the ergodicity property remains to be proved. 

Daneri, Loinger and Prosperi pursue their interesting 
considerations in detail. They have examined the specific 
master equation which should arise, examining it in the lim- 
it of macroscopic variables. A conclusion which arises from 
these considerations is that a macro-observer, for all practi- 
cal purposes, may describe the behavior of the global sys- 
tem (consisting of a micro-object plus the macroscopic ap- 
paratus) by means of a given mixture at the end of the 
measuring process.°? The interference terms are then prac- 
tically absent, and the reduction of the state of the global 
system may therefore be interpreted consistently as merely 
the increase of information; and this occurs without the use 
of a second apparatus as in Von Neumann’s treatment. One 
difficulty which is immediately apparent is what “‘practical- 
ly absent” means, i.e. whether the measure of the situations 
described by “not practically absent”’ is negligible.?° The 
proposals of Daneri et al. are still controversial.?! A con- 
ceptual difficulty in their approach was emphasized by Wig- 
ner.?? Since their formalism essentially includes the transi- 
tion to the classical description, and implies the assumption 
that the apparatus finally is in a classical state, it shelves the 
problem rather than solves it. In addition, the terms “classi- 
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cal description” and “macroscopic theory” are not clearly 
defined, as can be seen from the examples of laser action 
and superconductivity current, which might be considered 
as macroscopic quantum effects. 


5.6. Extension of Von Neumann’s View 


Von Neumann’s formal theory has been further extended 
by Jauch and his collaborators since 1960.'? Starting from 
the paradoxes stated in Von Neumann’s description (see 
Equations 16 and 17), they try to find out the conditions 
under which one can arrive at a theory of measurement 
without passing on to the classical description, which seems 
to be required in other treatments of the problem. The re- 
sult is that if a classical property already present in certain 
microsystems is given, then the discontinuous change of the 
wave vector can be obtained. Clearly, this classical property 
is a weaker condition than the requirement that the macro- 
system (apparatus) behaves classically. 

Jauch’s starting point is the observation that a classical 
apparatus cannot separate all microscopic states, and the 
states which cannot be separated fall into equivalence clas- 
ses. Moreover, the probability function which describes a 
physical (quantum) state is a more general object than the 
usual (classical) probability function. The latter is always 
defined on a Boolean lattice of classes of subsets, whereas 
the Q.M. probability does not even employ modular latti- 
ces. Now the Q.M. probability P(E) of a projection E of a 
(separable) Hilbert space is of the form?? 
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P(E) = Tr (WE), 
with the linear operator W satisfying the conditions, 
(i) W*=wW, 
Gj) W <w, (34) 
Gii) Tr W=1. 
Moreover, W is Von Neumann’s density operator having a 
discrete spectrum, 

W= Zn , 
with 
OR =e 
Gi) O<A, <1, (35) 
Gi) 2A, =1, 
where P,, is a projection operator of one-dimensional range. 
W is pure if W? = W. The statistical operator W for a pure 


state can naturally be related to the Schrodinger function ¢, 
and 

P(E) = (¢, £9) - (36) 
The interpretation of the classical and Q.M. states is now dif- 
ferent, because quantum theory implies indeterminacy. In 
the case where the density operator satisfies 


W=W' = X(¢,, WO,)P, = LPP rn » (37) 


we have a classical description, and the projections of a sta- 
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tistical mixture can be measured without interfering with 
the state of the system. In a classical system we can always 
add conditions which reduce the dispersion of a state, but 
not so for the quantum systems — a fact which we shall dis- 
cuss in the following section on hidden variables. 

Now it is not clear whether all self-adjoint operators are 
observables. Some states might therefore not be completely 
determined, and one has to take the class of all states equiv- 
alent under all possible measurements as a macrostate. To 
these one ascribes reality. Every macrostate may contain 
many microstates. Again there exist pure macrostates and 
mixtures. Moreover, it is remarkable that the macrostates 
are invariant under observation. In a measuring apparatus, it 
is the classical aspect which is essential rather than its mac- 
roscopic nature, and the classical aspect is expressed by an 
Abelian set of variables. The analysis of actual measuring 
devices shows that there is always a lower limit to the size 
of the system representing the measuring apparatus in order 
to make it suitable as a measuring device. Although this low- 
er limit has essentially no relation to the actual scale of hu- 
man observers, it is usually of a size which would bring it in- 
to the category of “macroscopic” objects. 

In order to render the measured event accessible toa con- 
scious observer the measuring system must include a meta- 
stable amplifying device which can be triggered by events, 
such as the superheated liquid in a bubble chamber for in- 
stance. This device is necessary only to transform the meas- 
ured event into a datum for an observer. This last step, as 


Jauch has noted, does not specifically have to do with Q.M., 
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and is common to all classical physics as well. Jauch consid- 
ers it unnecessary to pay any attention to the observer who 
transforms the event into a datum. In fact, from the meas- 
uring device M one needs consider only the classical but not 
necessarily macroscopic part m, and apply the foregoing 
considerations to the system S plus m as the total system. 
Jauch has discussed two kinds of measurements: in the first 
kind a repetition of the measurement yields the same result, 
while in the second it does not. In Q.M. one usually ana- 
lyzes the first type of measurement. 

Let S denote the system with a two-dimensional vector 
space spanned by the orthogonal vectors ¢, and ¢_, while 
the state vectors of the system m span a three-dimensional 
vector space; Wo describes the state of readiness of the de- 
vice, ~, the final state of m after it has measured ¢,, and 
y_ the state after it has measured ¢_. Then ,) =¢,@o 
is the pure initial state vector before S and m have interact- 
ed, and after the measurement we have 


,=U%,,=¢,8,, (unitary), 
or (38) 
© =U®_,=¢o_Oy,. 


The general initial state now is actually Po, 


Dy =a,9,, +a P_o, 


(la,12 +1a_I? =1), oe 


and the general final state, with Equation (38), is 
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b=US =a0,9, @Y, +a_¢_ Oy_. (40) 


This pure state of the system S + m becomes a mixed state 
if it is reduced to the measuring system m alone, because 
the reduction to m yields 


w" =1a,1?Q, +1a_l?Q_, (41) 


where Q, and Q_ are the one-dimensional ranges contain- 
ing y, and y_. The reduction here is merely a mathemati- 
cal consequence of the reduction of the pure state of Equa- 
tion (40) to its component subspace. If the amplifying sys- 
tem is added to the measuring device, then one obtains the 
large classical system S + M, which is now a system and a 
measuring apparatus together with an amplifying device, and 
it automatically records a mixture rather than a pure state. 
The result of these considerations is that the process of 
measurement can be explained entirely within the scope of 
Q.M. provided one is able to define the classically distin- 
guishable states of the microscopic system, this being the 
only transition to the classical description remaining. °* 


5.7. Microphysics, Macrophysics and Dissipation 


The problem of transition from the macroscopic level de- 
scribed by quantum dynamics to the microscopic level, at 
which the measuring apparatus operates, has been treated 
recently along a different path by Prigogine and his collabo- 
rators, following the concepts and techniques which they 
have developed in non-equilibrium thermodynamics and 
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statistical mechanics.?* Their principal idea is that the time 
evolution of systems may be split rigorously into indepen- 
dent subdynamics. One of these subdynamics, belonging to 
the projector II, contains all the information about the e- 
quilibrium and linear transport properties. Thus one might 
relate the macroscopic level of description of Q.M. to the 
reduced description in terms of the variable of the Il-sub- 
space. Such a description seems to be possible since an in- 
dependent equation of evolution for the Il-subdynamics can 
be obtained. 

Thus one starts with a microscopic process which trig- 
gers a measuring device. After some time (of more or less 
macroscopic duration) one can study the evolution in the 
II-space and find that it behaves as one would expect from 
the “reduction” rule in Q.M. 

The detailed analysis of these ideas consists in studying 
first the dynamics of the density operator in a superspace, 
given by a Liouville equation with the Liouville super-opera- 
tor L. This Liouville operator can be derived from the Ham- 
iltonian H as 


L=Hx1—-1xd. (42) 
Here we have a direct product of operators in Hilbert space 
and its dual space. Splitting the Hamiltonian into 

Hey +V , (43) 


where the interaction V is responsible for “correlations”, 
one might construct two subspaces of the superspace, char- 
acterized by the projection super-operators Pp and P., with 
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Po = Pop, and Pe =f cP ; (44) 


which are orthogonal.? The sub-densities po and p, are 
the average densities and the correlation amplitudes respec- 
tively, and they follow the coupled Liouville equations 


ipo =LooPo + Locke» 
and (45) 
ipo =Leopo + Leche - 


Extracting from Equations (45) the asymptotic forms fo(t) 
and fo(t) for large positive values of the time variable, one 
should be able to predict the further evolution on a macro- 
scopic time scale. To do so, the Liouville super-operator is 
restricted to a class of systems which show normal asymp- 
totic behavior, or an approach to a state of equilibrium. In 
these systems the effect of the correlation part L,, should 
die out with time, leading to certain analyticity conditions 
for T,, 


T, = exp (— iL ect). (46) 
With these assumptions one derives the relation 
pe(t) = fdr ethect(.. iLeo) Pott — 7) (47) 


between the asymptotic densities 6, and po. 
An asymptotic time evolution operator @ is introduced 
by writing p,(t) in the form 


Po(t)=e"* po(0) , (48) 


and one can calculate 6 by obtaining for it a functional 
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equation from the first Liouville equation (45), and solving 
it by iteration.? ® 

The total asymptotic density 6 = po + p, is considered as 
an exact solution of the Liouville equation. It is obtained in 
the superspace by applying a projection operator P, which 
retains only those correlation processes which have a long- 
time effect and manifest themselves on a macroscopic level. 
The operator P, is unsymmetrical in time, and with its help 
it is possible to construct the operator I which projects on 
the subdynamics. However, Il defines a time symmetric 
subspace of the superspace in which the asymptotic part of 
the time evolution, starting from any given situation, re- 
mains confined. Thus it clearly exhibits the features ob- 
served at the macroscopic level. The irregular fluctuations 
occurring on the atomic time scale are contained in the 
complementary subspace. 

Since Il is not factorizable, one cannot ascribe to it any 
state vector but only a density super-vector p. Thus the ev- 
olution in the subspace defined by II can be entirely de- 
scribed in terms of probabilities, and the “reduction of the 
wave packet” happens automatically. Physically speaking, 
the measuring apparatus is described in the ITI-space (since it 
has thermodynamic properties); hence any phase relations 
in the initial state of the atomic system are wiped out. 

The scheme sketched above, based on the considerations 
of Prigogine et al., is highly suggestive in its possibilities. It 
provides a different and, in many respects, a complementa- 
ry and wider approach than some of the other schemes we 
have discussed.?” 


CHAPTER 6 


HIDDEN VARIABLES 


Ever since the creation of Q.M., and even earlier, attempts 
have been made to invent a substructure which behaves 
causally and continuously, but nevertheless explains the 
quantum jumps by specific restrictions.?® A historical de- 
velopment which certain recent researches find particularly 
appealing is the manner in which Boltzmann explained the 
properties of gases from the assumption of an atomistic 
structure.?? The analogue which one has in mind is that al- 
though the classical gas theory satisfies thermodynamics 
(and the Second Law), the underlying kinetics of gas mole- 
cules is entirely symmetrical with respect to the exchange 
of the direction of time. The dynamics of the subsystems is 
therefore richer than their collective dynamics, and by anal- 
ogy one wonders whether subnuclear dynamics could be 
continuous and possibly causal, even though the superim- 
posed nuclear and atomic dynamics are not. Of course, 
every analogy is not convincing, especially since one cannot 
decide that the substructure of the atomic world should ex- 
hibit features which the macroworld, at least in the classical 
description shows. In any case, let us discuss the motivation 
for the speculation about theories employing hidden variab- 
les, before we turn to the specific nature of these specula- 
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tions and the question whether they are compatible with 
the present knowledge. 


6.1. Substratum as a Solution of Divergences in Q.F.T. 


An interesting speculation, which first originated in a model 
used by Fiirth, was taken up by Bohm and Vigier.!°° Furth 
had shown that the classical Brownian motion provided an 
analogy to the uncertainty principle, the main formula being 


5x = J (xy =aAr, (49) 


where Ax? is the average fluctuation in time Af, anda is a 
constant. The velocity of a particle (mass m) in Brownian 
motion is given by the relation 5y = 6x/At, hence 


5x 6p =ma , (50) 


where p = mp = the momentum. In Equation (50), the prod- 
uct ma takes the place of Planck’s constant. Although, 
Brownian motion is random and undetermined, the real mo- 
tion is well determined by the molecular impacts. If it is as- 
sumed that the Q.M. level corresponds to the level of the 
theory of Brownian motion, whereas the atomic level in 
kinetic theory corresponds to a sub-quantum mechanical 
level (containing numerous qualitatively new and unknown 
hidden variables), then Planck’s constant can be derived 
from the properties of motions at the sub-level. It would 
then represent some statistical feature related to the temp- 
erature of the sub-nuclear entities. 

Now there are two kinds of Brownian motions, one oc- 
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curring at normal conditions and the other connected with 
critical opalescence. Bohm thought that the latter phenome- 
non might be related to the facts concerning elementary 
particles. Empirical evidence suggests that the inner struc- 
ture of particles has many degrees of freedom. If the sub- 
stratum of one particle, which is supposed to oscillate rapid- 
ly with a high frequency, is subjected to an impact with 
high energy comparable to this frequency, then new particles 
might be created. The substratum, however, is now con- 
ceived to be such that the uncertainty principle does not 
hold anymore. 

Such a breakdown of the statistical aspects in Brownian 
motion is in fact observed for very short time intervals Ar 
of Einstein’s theory given by Equation (49). For small Ar 
the uncertainty limitation will not apply, and one obtains 
instead. 


5p 5x <a. (51) 


In a similar way, one might expect that Q.M. also breaks 
down for short times and distances. The sub-particle and the 
sub-quantum mechanical level, therefore, should start ap- 
proximately at the same point. The divergences which arise 
in the usual formulations of Q.F.T. can be viewed as a con- 
sequence of extrapolating Q.M. to unjustifiably short times. 
More specifically, the wave function represents, according 
to the Bohm-Vigier view, the substratum and the statistical 
state of motions in the sub-quantum; the phase in the sub- 
quantum level being given by some internal parameter (e.g. 
the angle) of the substratum. One can now derive the 
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correct quantum conditions as de Broglie did in 1923. The 
relativistic invariance of this derivation suggests that there 
might not arise any difficulties in relativistic Q.F.T. 

This speculation certainly has appealing features. One 
could perhaps relate the substratum to the quarks or par- 
tons, whose particle properties have not been substantiated 
in any case. One might also use the substratum as a kind of 
prima materia, out of which all elementary particles are 
made and which occur as the various excitations of this mat- 
ter, as has been proposed by Bohm and Vigier. However, 
this speculation leads to serious questions on the non-relati- 
vistic level. Can one derive Q.M. from it? This question 
arises periodically and thus far no definitive answer has 
been given, notwithstanding various claims to the con- 
trary.1% 


6.2. Von Neumann’s Proof of the Nonexistence of 
Hidden Variables 


Von Neumann, in his book, gave a proof that hidden varia- 
bles are incompatible with the results of Q.M."', and during 
the following twenty years they did not recur in the discus- 
sion of Q.M. The question is whether one can introduce, in 
addition to the wave vector | ®) a set of coordinates (the 
hidden variables) in order to complete the exact (classical) 
description of a physical system, and rederive the results of 
Q.M. by averaging over the hidden variables. Von Neumann’s 
assumptions are: (a) To each observable of a physical sys- 
tem there belongs a unique Hermitian operator in Hilbert 
space. (b) If the observable & is represented by the operator 
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R, then the observable f/@) is represented by the operator 
f(R). (c) The expectation value of a linear combination of 
operators is given by 


(aR +bS +...) =a(R)+b(S) +... . (52) 


From these assumptions, Von Neumann derived the fol- 
lowing results: (i) Given a statistical ensemble, then there 
exists a positive Hermitian operator U, such that for every 
observable R one obtains 


(@)= Tr(UR) . (53) 


(ii) There exist no dispersion free ensembles, that is 
those for which 


(R?) = (2)? (54) 


for all observables. 
(iii) A statistical ensemble is homogeneous if and only if 
a vector exists with unit norm such that 


U=Pri@) (55) 


where P|) is the projection operator along |®)- 

In the theories with hidden variables, one starts from the 
assumption that there exist dispersion free ensembles, and 
that the hidden variables cannot exist in homogeneous sta- 
tistical ensembles. The results (ii) and (iii) are therefore in- 
compatible with the existence of hidden variables. 

Von Neumann’s proof was slightly extended by Furry.! me 
He studied the Einstein-Podolsky-Rosen (E.P.R.) paradox 
and noted that a real description in the spirit of E.P.R. was 
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at variance with Q.M. rather than being an indication of its 
completeness. !°3 Nothing further happened with this ques- 
tion until Bohm took it up in 1951.1°4 

In 1963 Jauch and Piron improved Von Neumann’s 
proof by strengthening his theorem in several directions.!°* 
Basing their argumentation entirely on lattice theory, they 
did not need any assumptions corresponding to Equation 
(53). Indeed a lattice does not even admit the possibility of 
the algebraic operations implied in Equation (52) insofar as 
the non-commuting observables are concerned. The crucial 
assumption in their proof was the following: If p(a) is the 
real-valued functional representing a state of the system then 


P(a)=p(b)=1 implies Pa@Ob)=1. (56) 


This assumption has an obvious and plausible physical inter- 
pretation. It means that if the two propositions a and b are 
true in a given state, then the proposition “a and b” (repre- 
sented by an b) is true too. 

There are two kinds of criticisms which can be directed 
against this assumption. Either one can doubt! 6 the possi- 
bility of always constructing a proposition a 9 b ifa and b 
are given, a criticism which was effectively answered by 
Jauch and Piron in 1969°°, or one can question whether 
states associated with definite values of hidden variables sat- 
isfy the above requirement. This objection was made prima- 
rily by Bohm and Bub!°° and Bell.'°7 In fact, Bell showed 
that such hidden variable theories are possible, and if they 
are of, what he calls /ocal character, they must result in 
some slight deviations of the correlation-type experiments 
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that are initiated by the E.P.R. Gedankenexperiment. Such 
deviations have been recently subjected to experimental 
tests in different types of experiments and they all have 
been found to violate the inequalities of Bell.'°* The most 
precise experiment of this kind is the one by Freedman and 
Clauser on the polarization correlation of two photons 
emitted by an atomic cascade of calcium.’ = 


The no-hidden variable proof has been extended by Misra 
to Segal’s axiomatics of Q.M. with C*-algebras, and he ar- 
rived at a similar conclusion.!°° Finally, Gudder was able 
to rederive the Jauch-Piron result under still weaker condi- 
tions.!'° Thus the only hidden variable theories which 
might escape the Jauch-Piron-Gudder “disproof” are: (i) not 
deterministic, but having Q.M. as a “limit”; (ii) determinis- 
tic, but not being able to reproduce Q.M. completely.* 


6.3. Bell’s Local Hidden Variables 


Bell’s analysis assumes as little of the motivation of Q.M. as 
possible, but takes over all of its results. He asks whether 


* J.S. Bell has pointed out to me that this conclusion may be incor- 
rect as e.g. the de Broglie-Bohr theory (i) is deterministic, and (ii) 
reproduces Q.M. completely as regards the results of measurements. 
“The de Broglie-Bohm hidden variables are indeed not among the 
mathematical objects permitted by Von Neumann er al That just 
shows, in my opinion, that those authors were insufficiently imagi- 
native. Your conclusion would be correct if Q.M. were meant to 
stand not only for certain predictions about measurements, but also 
for some ruling on permissible mathematical form. Such a ruling 
would seem arbitrary to me, and most readers would not understand 
that it is implicit.” [Private communication from J.S. Bell. ] 
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Q.M. states can be regarded as ensembles of states specified 
further by variables, in such a way that given values of these 
variables together with the state vector determine precisely 
the results of individual measurements. For his theory, Bell 
assumed only that it be local; or, if at two distant space re- 
gions I and II there are two instruments, the results obtain- 
ed from the first one cannot depend on the setup of the 
second. Assuming that both apparatuses make a binary de- 
cision or, A@) = +1, where A is the measurement and a an 
apparatus variable such as an angle, and B(b) = +1. In the 
usual Q.M., one can only state that either the result (+) or 
(—) arises. Suppose that hidden variables exist, described by 
a continuous variable A such that for certain values of A the 
observation of A (or B) gives either +1, or —1, making the 
measurement entirely deterministic. With the probability 
density p(A) for the hidden variable A, one finds the inequal- 


ity 
| P(a, b) — P(b, c)|< 2—P{b', b) — P(b',c), (57) 
where 


Pla, b) =(AG, d)B(b, d))= fddP(A)A(a, »)B(b, A) (58) 


are expectation values of the different variables. If one talks 
about, say a double Stern-Gerlach experiment, one appara- 
tus being placed in the region I, and the other in region II, 
then choosing b’ = —b and a | b, and if @ is the angle be- 
tween b and c, one finds from Equation (58) 


lsin 0 1<1—cosé, (59) 
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an equation which, in general, is not satisfied. One must 
therefore conclude that there exists no local hidden-variable 
theory which gives the same result as Q.M. for a measure- 
ment of spin correlations of two particles.1'! Wigner has 
simplified Bell’s proof, but we shall not go into the details.!!? 


6.4. The Hidden-Variable Model of Bohm and Bub 


At various times since 1951 Bohm has developed hidden- 
variable theories. In 1966 he presented a new model! 
which showed the following features: First, it reproduced 
the statistical predictions of Q.M., if one averaged over the 
hidden variables. Second, it automatically reduced the wave 
packet during the measurement in accordance with the in- 
fluence of the hidden variables. However, for very short 
times after the measurement, it yielded a result different 
from Q.M. 

The essential features of the model can be discussed by 
using a simple model of a quantum variable, taking the two 
values, say of a spin one-half system. One assumes that the 
general state vector w, 


I= Wr IS) +2182, Iwi i? +l. =1, (60) 


does not represent a complete description of the state, but 
has to be supplemented by an additional state vector |£), 


1EY=E, 1S, )+ E18.) , 


with (61) 
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ie lie 


where the components of |£) are the hidden variables, hav- 
ing a random behavior. The change in £, and £3 is supposed 
to be slow, and nothing else happens during the process of 
measurement. The equations of motion for the components 
of |W) are now determined by the hidden variables, accord- 
ing to 


dy; = Wil? — IwP 2 
“9 const. 7 Bl vi ly) , 
and (62) 


dy. _ lWol? — ly, I? 2 
; const. le, 2 2 le? 2 Wolyil? . 


From Equation (62) one finds, that the normalization of 
ly) remains constant. Now, if 


Wal? We I? 
EE Se 


one finally arrives at y. = 0 at the end of the measurement, 
and similarly at y, = 0 after the measurement if the ine- 
quality is inverted. One therefore obtains a reduction to the 
state IS.) for certain values of the hidden variables £,, &2, 
and a reduction to |S, ) for the others. It can also be proved 
that Q.M. probabilities come out correctly. However, one 
can demonstrate that for times in which the hidden varia- 
bles are not averaged, the predictions of the Bohm-Bub the- 
ory might contradict Q.M. This theory has been subjected 
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to experimental tests and the result has been found to dis- 
agree with it.1!> 

The conclusion from hidden-variable theories is not very 
encouraging, although one might wish to go around Bell’s 
theorem by abandoning locality. Einstein, who throughout 
his life advocated the need of a realistic description of na- 
ture, pronounced a valid judgment on such theories when 
he wrote to Born in 1952: “Have you noticed that Bohm 
believes (as de Broglie did, by the way, 25 years ago) that 
he is able to interpret the quantum theory in deterministic 
terms? That way seems too cheap to me.” !4 


CHAPTER 7 


THE NOTION OF “REALITY” AND THE 
EPISTEMOLOGY OF Q.M. 


The various attempts to interpret the process of measure- 
ment in Q.M. in terms of a unifying view, including the 
dualism of complementarity, have led to a new discussion 
about the deeper meaning of natural science. Before Planck’s 
introduction of the quantum of action in physical theory, 
the belief in the principles of causality and continuity as 
the basis of natural science was deep and unshakable. The 
quantum jumps in atomic processes split some opinions, 
however. Even Einstein, who is often regarded (mistakenly, 
we believe) by the adherents of the C.I. of Q.M. as the very 
personification of classical determinism, thought that the 
very existence of atoms was at variance with the ultimate 
consequences of the classical view. Once a consistent de- 
scription of the microscopic processes was known (or agreed 
upon), the question immediately arose as to how these 
processes and their description affect one’s understanding 
of the relation between man and nature. The inventors of 
Q.M. first assumed a rather pragmatic point of view, almost 
akin to positivism. Niels Bohr sought to give the new science 
of Q.M. a more “humanistic” outlook from the very begin- 
ning, which can hardly be described in terms of positivism. 
Even if one does not follow Bohr in all details, one can seek 
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to relate the description of the microworld to the human 
mind. Such subjectivism has been the subject of strong criti- 
cism by thinkers of the Marxist-Leninist school of material- 
ism. Others have wondered about the emphasis on the de- 
scription of a single object, and whether it can really be sep- 
arated from the surroundings and the rest of the world. Both 
physical and philosophical questions therefore enter into 
the epistemological discussions of Q.M. 


7.1. Description of Reality 


For some time Einstein provided the essential counterpoint 
to the philosophical position adopted by the partisans of 
the new Q.M. He posed searching and critical questions to 
Bohr at the Solvay conferences of 1927 and 1930. By the 
time of the fifth Solvay conference in October 1927, Bohr 
had pondered very deeply on the questions of interpreta- 
tion of the Q.M. scheme, and he could explain any Gedan- 
kenexperiment in the light of the Copenhagen interpreta- 
tion. Bohr was able to meet all of Einstein’s objections, and 
Q.M. and its interpretation were found to be internally con- 
sistent and free of contradictions. Later on, however, Ein- 
stein, Podolsky and Rosen (E.P.R.) raised another question: 
Can the Q.M. description of physical reality be considered 
complete?! °? In order to deal with this question, one must 
clarify the meanings of the words reality and complete. 
E.P.R. gave a necessary condition for their notion of com- 
pleteness: Every element of physical reality must have a 
counterpart in physical theory. The reality condition is: A 
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physical quantity may be considered to correspond to phys- 
ical reality only if one is able to predict with certainty the 
value of the quantity without disturbing the system in any 
way. 

In the wave description of a free particle one finds that 
when the momentum of the particle is known infinitely 
sharply, then the coordinate of position has no physical 
meaning. From this E.P.R. concluded that either, (1) the 
quantum mechanical description of reality given by the 
wave function is not complete or, (2) when the operators 
corresponding to two physical quantities do not commute, 
the latter cannot have simultaneous reality. In order to 
make their case, E.P.R. proposed the following example: 
Two systems I and II are permitted to interact during the 
time interval t = 0 and t = T. The states of the systems 
before ¢ = 0 are known, hence one can calculate the state of 
the combined system I and II at any subsequent time with 
the help of the Schrédinger equation, in particular for 
t > T. One cannot, however, calculate the state of I or II 
after the interaction, but one has to measure it. Let A be 
such a measurement of the system I, with eigenstates 
u,(x, ) and eigenvalues a,, (n = 1, ... ), then one obtains 


= E Vnlt2en(r) - (63) 


The reduction of the wave packet in system I, say to uz(x,), 
then leaves the second system, if separated after the inter- 
action, in the state y,(x.). The measurement of system I 
thus leaves only one term in the summation, Equation (63). 
Another measurement B on system I for t > T may, how- 
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ever, leave system II in a state different from W,(x2). As- 
suming A to be the measurement of the momentum, and B 
that of the position, one finds that a definite state cannot 
be assigned to system II. E.P.R. therefore conclude that the 
Q.M. description is not complete. 

At various times Einstein returned to these considera- 
tions, and developed them further.!'* In particular he em- 
phasized that objects should be arranged in space and time, 
and if they are situated at a given time in different parts of 
space, they should exist independently and not influence 
each other. Q.M. is in conflict with this requirement of real- 
ity. Is this requirement, however, really necessary to talk 
about reality? 

Soon after the publication of the E.P.R. paper in 1935, 
Schrodinger was stimulated to present his views. The E.P.R. 
problem stemmed from the reduction of the wave packet, 
expressed by Equation (53), if a measurement is made on 
system I. In order to deal with this problem, Schrodinger 
formulated his famous “‘cat paradox”.!'® He wrote: 


It is possible to construct almost burlesque examples [to illustrate 
the situation]. Imagine a cat confined in a chamber containing the 
following ‘torture device’ which cannot be operated by the cat itself. 
A Geiger counter with a very tiny amount of radioactive substance 
is placed in the chamber, so that in an hour perhaps one of the 
atoms decays, with an equal probability that none decays. If an 
atom decays, then the counter reacts and, by a relay mechanism, 
triggers a hammer which releases a pellet of cyanide. On leaving the 
system alone for an hour one would say that the cat is alive if no 
atom has decayed in the meanwhile, while the first atomic decay 
would have poisoned it. The y-function of the whole system would 
express this situation by containing in itself the fact of the living 
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and the dead cat mixed or smeared out in equal parts. 

The typical situation in such cases is that the indeterminacy 
which is originally restricted to the atomic realm becomes a macro- 
scopic sentient indeterminacy which can only be decided by direct 
observation. This prevents us from naively accepting such a ‘washed 
out model’ as a representation of reality. In itself, it does not con- 
tain anything unclear or contradictory, but there is a difference be- 
tween a photograph which is unsharp or shaken during exposure 
and another one of clouds and layers of fog.116 


_ Schrodinger had conceived a very colorful picture of the 
contradictions inherent in the description of reality. Many 
physicists, especially Einstein, were very happy about Schro- 
dinger’s example. Even as late as 1950, this question was of 
persistent concern to Einstein. In a letter to Schrodinger on 
22 December of that year, he wrote: 


You are the only contemporary physicist, besides Laue, who sees 
that one cannot get around the assumption of reality — if only one 
is honest. Most of them simply do not see what sort of risky game 
they are playing with reality — reality is something independent of 
what is experimentally established. They somehow believe that the 
quantum theory provides a description of reality, and even a com- 
plete description; this interpretation is, however, refuted, most ele- 
gantly by your system of radioactive atom + Geiger counter + am- 
plifier + charge of gun powder + cat in a box, in which the p-func- 
tion of the system contains the cat both alive and blown to bits. Is 
the state of the cat to be created only when a physicist investigates 
the situation at some definite time? Nobody really doubts that the 
presence or absence of the cat is something independent of the act 
of observation. But then the description by means of the y-function 
is certainly incomplete, and there must be a more complete descrip- 
tion. If one wants to consider the quantum theory as final (in prin- 
ciple), then one must believe that a more complete description 
would be useless because there would be no laws for it. If that were 
so then physics could only claim the interest of shopkeepers and en- 
gineers; the whole thing would be a wretched bungle.!17 
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7.2. The Complementary Description 


It was quite natural that Bohr should take up Einstein’s 
challenge and answer him immediately.'!® Bohr attacked 
the concept of physical reality, as stated by E.P.R., finding 
in it an essential ambiguity. He claimed that it is impossible 
to define the quantities, which E.P.R. had referred to, in an 
unambiguous way. Actually it depends upon the kind of 
measurement one performs or the manner in which one 
uses a certain apparatus, such as a slit, to determine the po- 
sition and momentum. He therefore concluded that a phys- 
ical quantity and its measurement are intimately related, 
and one is not independent of the other. Bohr stated that, 


In fact to measure the position of one of the particles can mean 
nothing else than to establish a correlation between its behavior and 
some instrument rigidly fixed to the support which defines the 
space frame of reference ... By allowing an essentially uncontrollable 
momentum to pass from the first particle into the support mention- 
ed, however, we have by this procedure cut ourselves off from any 
future possibility of applying the law of conservation of momentum 
to the system consisting of the diaphragm ... .118 


In fact, there is the question of an influence on the very 
conditions of defining the quantities. 

Bohr’s arguments against the E.P.R. definition of “‘reali- 
ty”, convinced most of his colleagues at that time. Serious 
doubts reappeared, however, when Bohm took up the chal- 
lenge of constructing a deterministic quantum theory in 
1951, and the arguments about the definition of reality 
were rejoined. :; 

The philosophical discussion of the points of view of 


‘REALITY’ AND EPISTEMOLOGY OF Q.M. WS) 


Einstein-Podolsky-Rosen and Schrédinger, on the one hand, 
and Bohr and his followers, on the other, has recently been 
pursued further by Hiibner.!!? He states these views more 
generally as follows: 

According to one principle, that of Einstein’s, reality consists of 
substances which have properties, the relations they have to other 
substances notwithstanding. According to Bohr, however, reality in- 
trinsically is a relation between substances, and measurement is a 
special case of such a relation. For Einstein a measurement uncovers 
a state in itself; for Bohr it constitutes a reality. For Einstein rela- 


tions are defined by sunstances; for Bohr substances are defined by 
relations. 120 


Einstein and Bohr thus formulated two different philosoph- 
ical principles, and they discussed the models or Gedanken- 
experimente within the range of application of their prin- 
ciples in order to find the consistency of their results. 

As for Schrodinger’s cat paradox, the argument involved 
is not necessarily cogent, because the state of the cat can be 
considered underlined in as much as it depends upon the 
atomic state of the radioactive substance. In contrast to this, 
however, the cat is actually dead or alive only in relation to 
certain medical (macroscopic) devices which can test its 
vital signs.'?! Einstein and Schrodinger are disproved only 
if one assumes Bohr’s standpoint. The important philosoph- 
ical or methodological question is to look for support of 
one standpoint or the other. 


7.3. The ‘Positivistic’ Point of View or Two Kinds of Reality 


When dealing with the reality of atoms and other micro- 
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scopic objects one has to renounce some of the principles 
which apply to the ideal world conceived in terms of every- 
day experience. Einstein’s theory of relativity set up the 
first restrictions, and concepts like rigid body and absolute 
time had to be given up. Atomic physics revised two other 
fundamental notions. The interference from the measuring 
device thus renders the general law of causality wrong; there 
exist in some way “uncontrollable” disturbances. One has 
also to give up the principle that all phenomena have to be 
explained as relations between objects existing in space and 
time. Clearly, there exists a body of exact mathematical 
laws, but they cannot be interpreted as expressing simple 
relationships between objects existing in space and time. 
There obtain two schemes in Q.M.!??: 


Either Or 
Phenomena described in | Alternatives | Causal relationship expres- 
terms of space and time related sed by mathematical laws, 
but Uncertainty Princip- | statistically { but physical description of 
le present phenomena in spacetime 

impossible 


Let us recall that the main idea which led to Q.M. was to 
exclude from the theoretical scheme all those quantities 
which cannot be determined experimentally. Wigner has 
taken this aspect very seriously, and he has been led to con- 
sider Q.M. as a theory relating the results of successive meas- 
urements. He has stated that “the function of quantum me- 
chanics is to give statistical correlations between the out- 
comes of successive observations. From a very positivistic 
point of view, such a reformulation is quite satisfactory: it 
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refers solely to observation and establishes relations be- 
tween them. From the point of view of everyday experien- 
ce, in particular our belief in reality and the abstract charac- 
terizability of such reality, it appears to be very disturbing 
... It appears that our theory denies the existence of abso- 
lute reality ... As to myself, I should admit that the old- 
fashioned concept of reality seems indeed old-fashioned 
and that I do not know how one could define operationally 
the reality of anything. My own thoughts, impressions 
and perceptions surely exist, the existence of all else is in- 
ferred only on the basis of these impressions and percep- 
tions.”* 5 

In his article on “Two Kinds of Reality’, Wigner goes into 
further detail.'2* The first kind of reality is absolute; it is 
the existence of one’s consciousness. The second kind of 
reality comprises the existence of everything else, in partic- 
ular the concepts which are useful in describing the physi- 
cal world, including the objects in it. One very often forgets 
about consciousness as a reality, because of too much con- 
cern with the external world. The nature of this reality is 
rather complex, “‘and the inadequacy of our appreciation of 
its properties may be one of the most potent barriers against 
the nature of universal realities at the present time”’.'*> As 
for things besides perceptions or the contents of one’s con- 
sciousness, one might act as if they are real as long as they 
are useful. Thus.even Q.M. concepts describe as much reali- 
ty of the second kind as the classical ones. 

Wigner’s view seems to be both positivistic and subjecti- 
vistic, since he deals with things from the absolute stand- 
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point of consciousness. He seems to seek to solidify the role 
of the subjective in science once and for all. 


7.4. The Collectivistic-Materialistic View 


The most vigorous opposition to “idealistic and decadent” 
Western philosophies has been expressed by Soviet thinkers, 
because in their official doctrine things have to exist objec- 
tively and atoms are like any other classical objects. The 
Soviet interpretation of Q.M. may well have started with the 
philosopher Alexandrov’s book on ‘The History of West 
European Philosophy’.!*® Alexandrov dealt specifically 
with the question of Q.M., and criticized the “bourgeois 
philosophy” which abuses the development of science for 
its own purposes. In his view, the Copenhagen interpretation 
(C.I.) has joined hands with Machian philosophy and foster- 
ed the development of subjectivistic concepts about the na- 
ture of Q.M.!?7 One has to remember that Lenin himself, 
in contrast to the influential scientific opinion at the end of 
the 19th century and the beginning of the 20th century, 
had taken the side of Boltzmann in favor of the material 
existence of atoms against the school of energetics of Ost- 
wald, Mach, and others.!?® Lenin found atomism in agree- 
ment with dialectical materialism, and he condemned Mach’s 
positivism as representative of “bourgeois” and “decadent” 
philosophy. Later on, it was the duty of every good Marxist- 
Leninist scientist to treat Mach’s ideas, and those of his in- 
tellectual successors, with doctrinal suspicion. 

Blokhintsev’s book on Q.M. gives a readily available ac- 
count of the Soviet criticism of C.I.'?? According to this 
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view, Bohr’s principle of complementarity only emphasizes 
the possibility of macroscopic measurement of atomic ob- 
jects, and not enough the fact that they are new. The prin- 
ciple of complementarity 


relates principally not to objective properties of the microuniverse, 
which result in the inapplicability of the methods of classical phys- 
ics thereto, but to the possibility of an observer employing macro- 
scopic quantities and concepts. 

This orientation of Bohr’s complementarity principle leads to a 
twofold consequence. Firstly, Bohr, and his successors even more, 
have elevated this principle into a particular philosophical concep- 
tion of complementarity, which leads them to deny causality and 
objectivity of microphenomena. On this basis Bohr speaks of the ‘in- 
adequacy of the customary viewpoint of natural philosophy for an 
account of physical phenomena of the type with which we are con- 
cerned in quantum mechanics’, while Jordan declares outright the 
‘liquidation of materialism’. 

Secondly, the use of this principle of physics involves a subjective 
interpretation of the wave function and the concept of states in 
quantum mechanics. The wave function is regarded not as an objec- 
tive characteristic of a quantum ensemble but as an expression of in- 
formation gained by the observer as a result of measurement. The 
reality of any particular state of microsystems then becomes equiva- 
lent to information gained by the observer concerning such a system, 
i.e. becomes subjective instead of objective. 130 


Blokhintsev argues that C.I. is linked to positivism which 
considers neither the classical nor quantum physics as im- 
ages of the objective world, but merely as mathematical con- 
structs. The adherents of C.I., in his view, then analyze these 
constructs and reproach materialism because it would not 
give relations between subject and object. Blokhintsev states 
that true materialism acknowledges material relations be- 
tween the cognizing subject and the object, which are ex- 
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pressed by the measuring apparatus. In addition, Q.M. stu- 
dies the statistical laws of nature, and materialism asserts 
that the statistical law is an objective property of nature. 
Single results are described only as they are related to 
the assembly, to the collective. The fact that a particle be- 
longs to a pure or mixed ensemble, which possesses objec- 
tive character and does not depend on the knowledge of the 
observer, is what determines the state of the particle. View- 
ed in this light, the E.P.R. paradox can be discussed as fol- 
lows. The measurements of momentum p,, and position x), 
in system I decompose the total wave function (x,, x2) 
into two different subensembles. The change in system II is 
therefore not due to the measurement, but due to the corre- 
lation of the two particles before the measurement. Hence 
E.P.R. were wrong in considering the microscopic particles 
as if they were classical. The seeming paradox, in Blokhint- 
sev’s opinion, arises only if one tries to understand the mi- 
croscopic laws in terms of the laws of classical physics. But 
Lenin himself had stated that every scientific theorem on 
the structure of matter has only approximate validity, and 
new phenomena always appear which seem to contradict 
common sense, and this again only confirms dialectical ma- 
terialism. Blokhintsev’s comments perhaps do not represent 
the general opinion of the Soviet Russian physicists about 
the interpretation of Q.M. Fock, for instance, gave a faith- 
ful account of C.1., expressing his ideological bias in brief 
comments.'?! He rejected the so-called deterministic at- 
tempts of de Broglie, Bohm and Vigier as being too narrow. 
Fock himself arrived at a conclusion similar to the C.1., and 
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stated that in the problem of the description of atomic ob- 
jects “‘one cannot detach their behavior from the interaction 
with the measuring devices”.!3? He made a distinction be- 
tween the potentially possible concepts, including the wave 
function, and factual objects such as the measured quanti- 
ties. 

The entire complex of problems concerning reality, de- 
terminism, and theoretical constructs in quantum theory has 
been recently dramatized by Jauch in a Galilean dialogue on 
‘Are Quanta Real?’!3% In order to emphasize the similarity 
of the current ideological situation in Q.M. with the one 
prevailing in the 17th century, Jauch calls upon the three in- 
terlocutors Salviati, Sagredo, and Simplicio, created by Gali- 
leo to discuss the various aspects of the celebrated debate in 
his dialogue ‘On the Two Major Systems of the World’.! 34 

The central point in Jauch’s dialogue (which, however, is 
never explicitly stated) is to show that the quest for reality 
cannot be solved in any consistent manner without taking 
at the same time into consideration the principle of comple- 
mentarity. Reality, therefore, is not this or that object en- 
dowed with objectively given properties, nor is it the con- 
tent of our consciousness or the idealized concepts which 
we use for imagining the inner coherence of elementary ex- 
periences. All these things are relative, as is shown by various 
striking examples treated in the dialogue. 

Reality is found in the meaning, significance and relevan- 
ce of a message, a perception or a concept within the con- 
text of a given situation. A variety of sense perceptions are 
received and registered by a process of filtering which sepa- 
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rates those signals representing the noise from those con- 
taining the message. The important point is this: Different 
filters reveal different and complementary messages, all of 
which have equal claim to reality. Salviati considers this the 
essential content of Bohr’s principle of complementarity 
without which Q.M. seems to give an incomplete description 
of reality.°! 

In the course of the dialogue on ‘Are Quanta Real?’ the 
three participants, starting from very specific examples in 
physics, extend their discussion to wider areas of scientific 
inquiry. Their debate reveals the universal significance of 
complementarity and its discovery in microphysics as one 
of the most important epistemological revolutions in the in- 
tellectual history of mankind.®!:!34 


7.5. Can a System be Isolated? 


The question whether one can isolate a system from the 
rest of the universe plays a great role in its description. In 
many cases, the concepts one uses apply only to such sys- 
tems. A typical example is the Hamiltonian approach to dy- 
namics, where in most cases one considers non-dissipative 
systems, and the “mechanical” description thus formulated 
is complementary to the thermodynamical description.! 95 
The thermodynamical description requires connection with 
a heat bath. i.e. to a system which is not described by the 
mechanics of the system in question. In fact, the very ques- 
tion of the increase of entropy arises from the fact that one 
uses two incompatible descriptions. In the case of Q.M., one 
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could therefore argue that the programs pursued by Daneri 
et al.®®, and by Ludwig®”, in which the belief is expressed 
that only the state vector of the total world is an adequate 
description of any process, will not succeed. In fact, a cut in 
the sense of Von Neumann is possible only if the two sys- 
tems can be isolated. But in principle, no system is comple- 
tely isolated from the other, even though the coupling might 
be very weak. 

Everett, Wheeler and Graham (E.W.G.) have proposed 
that the consideration of the state vector of the total world 
should be taken more seriously in order to get around the 
necessity of the collapse of the wave vector.!3© Under the 
assumption or postulate that the real world or any isolated 
part of it is represented by a vector, that its change takes 
place through dynamical equations, and that commutation 
relations are satisfied, E.W.G. need only another postulate 
to describe the results of Q.M. It is that the world must be 
sufficiently complicated, so that it is decomposable into sys- 
tems and measuring devices. Here, one has obviously to 
prove not only that the statistical interpretation holds, but 
also how one should find the result to compare with the ex- 
periment. 

The consequences of having a universal world state vec- 
tor, with its myriads of components, would be vast indeed, 
but since we are part of the world we do not experience the 
world state vector itself. Still, one can play this game, which 
seems like gambling with the infinity, and find that the 
measurements turn out to be unique and the probabilities 
for a given result also come out all right. The difference be- 
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tween this and the usual formalism is that every outcome of 
the experiment, every possibility, is considered to be real. A 
difficult point which enters into this proof is that one has to 
introduce the probability of lower dimensional Hilbert spa- 
ces (subspaces). But the defenders of the E.W.G. system do 
not worry about this fact, because they believe that the sta- 
tistics might go wrong only in those parts of the world which 
behave in such a way that no life or intelligence has devel- 
oped there. At this point one might ask whether the observ- 
er (in the sense of Bohr) has in fact not been finally reintro- 
duced. There are other problems with this view, for instance 
how one can finally observe anything at all, say in an atomic 
system. The arguments which are given in response are not 
fully clear. 

The various views about reality that we have discussed 
have not led us to any specific new conclusion. Bohr’s view, 
vague as it was, remains reasonable. To explain it in terms 
of Wigner’s two types of reality would be interesting if it 
could help us in understanding something more than just or- 
dinary Q.M. Wigner himself has attempted such an extension 
to one of the very old and fundamental problems, if not the 
most fundamental question man has ever asked: Can one 
explain the phenomenon of life? Or, more specifically, in 
our context: Can Q.M. explain life? 


CHAPTER 8 


QUANTUM MECHANICS AND THE 
EXPLANATION OF LIFE 


Q.M. is usually regarded as a theory which applies to the mi- 
cro-structure of matter. Many decisive processes occur in 
the atomic realm. The structure of molecules plays an im- 
portant role in the functioning of living systems. It is there- 
fore natural to ask whether Q.M. could provide a key to the 
understanding of life. In earlier times, there existed a com- 
mon belief in the presence of a “life force” or some “vital” 
element in living substances which distinguishes them from 
dead or inanimate ones. However, serious scientific analysis 
of living organisms over a long period of time has not reveal- 
ed the existence of a life force or vital element, this search 
being similar to that for the existence of a “heat substance” 
in matter in earlier times. In fact, an exclusion principle 
seems to operate in the very examination of life processes. 
In order to study accurately the composition and structure 
of an organism, say a bacterium, under an electron micro- 
scope, one has to kill it before one is able to do so. With the 
help of the physico-chemical apparatus one can analyze 
physical questions about the size, structure, and even the 
molecular composition of living systems, but this analysis 
eludes the question: What is life? 

This was certainly the situation before the advent of Q.M. 


86 CHAPTER 8 


From the foregoing remarks one might wonder whether all 
the knowledge gained from Q.M. would provide an essential 
change in the understanding of the fundamental question 
about the nature of life. It seems nevertheless that Q.M. has 
clarified certain concepts in biological phenomena, thanks 
to scientists like Delbriick and Elsasser who originally work- 
ed in atomic physics and went into molecular biology, par- 
ticipating in its new development. Among those who were 
active participants in the creation of Q.M., and who later on 
discussed biological questions from the epistemological 
standpoint, are Bohr, Wigner, and Jordan. We shall briefly 
examine how Q.M. considerations have affected the discus- 
sion of certain biological phenomena. 


8.1. The Mind-Body Problem 


In order to deal with Q.M. and the explanation of life, or 
some essential aspects of it, let us return to the process of 
measurement. 

Wigner has extended his views about reality in order to 
understand the consequences arising from the measurement 
process in Q.M. and the appearance of “nonlinearity” in the 
description of microscopic objects.'>7 He assumes that 
Q.M. has brought back into physics the recognition of mind 
as a primary reality.'?® First, so far as the results of obser- 
vation of micro-objects are concerned, it does not matter 
who the observer is. Second, there exists a connection be- 
tween the information from a past measurement and the 
behavior of the system in future, as we have pointed out 
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earlier (see Section III).!°° The important point is that the 
result of an observation alters or modifies the wave function 
of a system, and this modification is 


in general unpredictable before the impression gained at the interac- 
tion [the measurement process] has entered our consciousness: it is 
the entering of an impression into our consciousness which alters the 
wave function because it modifies our appraisal of the probabilities 
for different impressions which we expect to receive in future. It is 
at this point that the consciousness enters the theory unavoidably 
and unalterably. If one speaks in terms of the wave function, its 
changes are coupled with the entering of impressions into our con- 
sciousness. If one formulates the laws of quantum mechanics in 
terms of probabilities of impression, these are ipso facto the primary 
concepts with which one deals. 140 


A subtle question arises if a “friend” observes a quantum 
system. In this case one has to describe, not the information 
available on the system as a wave function, but the total 
system, which is the friend + object. Now one can enter this 
system, which is a wave function even after the friend has 
observed, and ask him about his results. If he gives an ans- 
wer 1, the wave function friend + object will separate and 
the wave function of the object will become y,, if he gives 
the answer 2, the wave function will be 2. Thus, who- 
ever carried out the measurement, “the typical change in 
the wave function occurred only when some information 
entered my consciousness.” !*! 

Since thought processes become the primary concepts 
and the other kind of reality can, in principle, even be ig- 
nored, Wigner’s point of view is radically opposed to any 
kind of materialism. It is obviously difficult to imagine how, 
with the present knowledge of physics and chemistry (and 
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biology) the question as to what one’s sensations are, and 
with what probability one out of several sensations is ob- 
tained, etc..., could be answered. Of course, there are con- 
nections between physical and chemical structures, between 
the content of a body and its sensations, and normally one 
assumes that the physico-chemical structure influences the 
sensations. According to Wigner, Q.M. tells us that the sen- 
sations might also influence the body. The reason is based 
upon the quantum theory of observation and measurement. 
There seems to exist no phenomenon in which a subject is 
influenced by another without exerting its effect upon the 
latter. Usually this effect is thought to be negligible, but 
this has never been confirmed. 

The Q.M. argument runs as follows: Consider an object 
having two states, and an observer whom one asks for his 
observations. The subtle point now is that the observer 
whom we ask has already decided to tell us “yes” or “no” 
before we actually ask him. Thus it seems as though imme- 
diately after the measurement the system consisting of ob- 
ject + friend (the first observer) is already either in the state 
Wi X X, Or W2 X X_ (Where W; are the wave functions of 
the object and x, the wave functions of the observer), so 
that the state is not a lineer combination of the wave func- 
tions. Hence there is a difference whether a physical appara- 
tus makes the observation (which comes out finally in the 
superposition state) or a conscious being observes. A con- 
scious being therefore plays “‘a different role in Q.M. than 
an inanimate measuring device”.1*? As considered by Wig- 
ner, the breakdown of the superposition principle occurs 
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here because ultimately a conscious mind gathers the obser- 
vation. This is different from Ludwig’s view, who claims 
that Q.M. does not remain valid even in the case of inani- 
mate macrophycics.°® 

Wigner’s view can be formulated in two theses. First, the 
so-called Q.M. measurement process is not complete until 
consciousness enters into the picture (and accomplishes the 
reduction of the wave packet).!43 Second, the conscious- 
ness plays a role different from an inanimate apparatus; it 
influences the physical world just as the physical world 
(structure) influences it (the consciousness). Can these two 
theses be verified experimentally? The difficulty in doing so 
arises because of the fact that consciousness is uniquely re- 
lated to a specific physicochemical structure through which 
it alone receives impressions. Also, consciousness develops 
and becomes more informed (educated), as might be ob- 
served in a growing infant. Then there is the question wheth- 
er consciousness modifies the usual laws of physics. 

It is possible to formulate rationally the statement that it 
is the conscious being which completes the Q.M. measure- 
ment process. One may simply start from the assumption 
that the system friend + object cannot be described by a 
wave function after the interaction, but only by a mixture, 
i.e. the state is given either by the wave function W; xX X1, 
with the probability lal?, or the wave function 2 x x2 
with the probability |81?. As a result, Q.M. ceases to apply 
to a system with a conscious observer, because the final 
state requires a nonlinear description. It is, however, remark- 
able that there exists a continuous transition from the state 
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described by the Q.M. wave function 
aW1 X Xi) + BW2 x X2) » (64) 
and the non-Q.M. state described by the mixture 
(Wi X x2) with probability |a!? , 
and (65) 
(W2 X X2) with probability 161? . 


The transition in this case, can be formulated by a 2 x 2 
matrix 


lal? aB* cos & 


a*8 cos & 1p |? 7 


where the parameter 5 has been introduced. If one takes 
5 =0, then the orthodox Q.M. situation is obtained, and the 
“statistical matrix”, Equation (66), becomes singular. For 
5 = | 7, one obtains the mixture Equation (65). For inter- 
mediate 5, one has mixtures of two states given by Equa- 
tions (64) and (65) with the probabilities 


er laBlsin?5)* (67) 


The parameter 5 looks like a new hidden variable, but it 
is quite different from those which we discussed in Chapter 
6, because it relates together two different levels of descrip- 
tion, the Q.M. and the complete or final statement about 
the observation. From this, as an immediate consequence, 
it would follow that Q.M. could not be applicable to the 
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phenomena of life and consciousness, and a new explanation 
of life would have a profound effect on epistemology.!44 


8.2. Complementary Hierarchies 


The Q.M. measurement process, the description and analy- 
sis of which, it would seem, is complete in the studies of 
Wigner, has led to the question of how to explain life with 
the new knowledge which has been gained about microscop- 
ic phenomena. Actually such an extension of Q.M. already 
started before Von Neumann’s analysis!! of the measure- 
ment process and, in a restricted sense, even before Heisen- 
berg’s fundamental paper? on the interpretation of Q.M. — 
in fact, even before the creation of Q.M. It was Bohr who 
thought very profoundly about the consequences of the 
quantum hypothesis, especially those which were empha- 
sized by Einstein in the dualistic description of light.'*5 
At the time when Bohr developed his complementarity prin- 
ciple, he also had definite ideas as to how to extend it toa 
wider class of scientific phenomena.!° 

The reason why Bohr immediately thought of biological 
phenomena might have been two-fold.'4° 147 First, his 
father, Christian Bohr, had talked to him about them. 
Second, Bohr had attended the lectures of the philosopher 
H¢ffding, a friend of his father, who was also a broad- 
minded thinker.!*® The elder Bohr, a physiologist, held 
the view that in biology one may have laws which, from a 
teleological point of view, have a certain meaning, but 
which, at least practically, one cannot trace back to physical 
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and chemical origins. From H¢ffding, Bohr learned less 
about biological phenomena, than about the scientific basis 
and the logic of things. H¢ffding was not particularly good 
in technical analysis. In his lectures on the history of physics, 
he treated all theories at about the same level, laying em- 
phasis on those problems which had not found solution in 
any of the existing systems. This attitude might have created 
in the young Bohr an open mind for complementary thinking, 
Niels Bohr’s thoughts on the relation between Q.M. and 
other (human) sciences are contained in his essays on ‘Atom- 
ic Physics and Human Knowledge.'*° Almost all of these 
essays grew out of his lectures, and were written between 
1932 and 1962. Already in his Faraday lecture in May, 
1930, Bohr started to extend his ideas on the consequences 
of Q.M. to other sciences.!? Addressing himself to the prob- 
lem of life in a lecture on ‘Light and Life’ in 1932'°°, Bohr 
expressed the belief that developments in atomic physics 
would have a new meaning for the understanding of living 
organisms within the general edifice of natural science. 
Bohr discussed the construction and function of the eye 
and the reception of light. Since the absorption of even a 
single light quantum by the retina can lead to a visual im- 
pression, the sensitiveness of the eye may be said to have 
reached the limit set by the atomic character of the light 
processes, and the laws of Q.M. should be crucial for the un- 
derstanding of biological phenomena. However, physical and 
biological descriptions are not directly compatible, if not 
mutually exclusive. There is a fundamental difference be- 
tween biological and physical systems, the former being 
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open and the latter essentially closed (or isolated, in the 
thermodynamic sense). While life has the typical aspects of 
self-preservation and self-generation, physical systems (in 
contrast) can be subjected to large numbers of subdivisions. 
Teleological argumentation plays an important role in biolo- 
gy as a complementarity feature, necessary to the descrip- 
tion of life. Complementary points of view appear very 
clearly in two biological sciences, physiology and psycholo- 
by. Bohr remarked: 


Without entering into metaphysical speculations, I may perhaps add 
that an analysis of the very concept of explanation would naturally 
begin and end with a renunciation as to explaining our own con- 
scious activity, 151 


Bohr further developed this theme by recognizing that 


every experimental arrangement with which we could study the be- 
havior of the atoms constituting an organism to the extent to which 
this can be done for single atoms in the fundamental experiments of 
atomic physics will include the possibility of maintaining the organ- 
ism alive. The incessant exchange of matter which is inseparably 
connected with life will even imply the impossibility of regarding an 
organism as a well-defined system of material particles like the sys- 
tems considered in any account of the ordinary physical and chemic- 
al properties of matter .... In this sense, the existence of life itself 
should be considered, both as regards its definition and observation, 
as a basic postulate of biology, not susceptible of further analysis, 
in the same way as the existence of the quantum of action, together 
with the ultimate atomicity of matter, forms the elementary basis of 
atomic physics. 152 


This, Bohr stressed, does not contradict any physical or 
chemical laws; and, in fact, the description of biological in- 
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vestigations is given almost entirely in terms of physics and 
chemistry. 

Indeed, in Bohr’s view, there is no contradiction between 
humanistic and natural sciences.'°? Complementary de- 
scriptions show up in both of them; as, for example, in an- 
thropology, the two modes of behavior are characterized by 
instinct and reason. Disturbances through experiment and 
observation arise in humanistic studies also, such as those 
arising in the study of the culture of primitive people. In 
the context of the unity of all knowledge, Bohr referred to 
the example of free will which is often, albeit incorrectly, 
used in philosophical discussions about Q.M.'5% There is a 
contradiction between free will and total causality in the 
description of human actions. Q.M., Bohr said, is not able to 
account for the finalistic feature of organized purposeful- 
ness in living systems.!*>:15° 

The increase in knowledge about the structure of biolo- 
gical organisms and the processes occurring in them, which 
has accrued since 1930, inspired Bohr in his later years to 
return to the problem of the explanation of life.!°7 Man’s 
ability to construct machines which perform certain proces- 
ses attributable to living organisms, such as self-repair, has 
strengthened the belief of some people that one would final- 
ly reach the goal of a mechanistic explanation of life. How- 
ever, Bohr has pointed out that the complexity of living 
systems is far beyond that of any machine. The organisms 


reveal properties and potentialities which are in striking contrast with 
those exhibited by so-called inanimate matter under simple experi- 
mental conditions. It is on this background that such notions as pur- 
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posefulness and self-preservation, referring to the behavior of organ- 
isms as entities, have found fruitful application in biological re- 
search.158 


Bohr proceeded to say: 


The basis for the complementary mode of description in biology is 
not connected with the problem of controlling the interaction be- 
tween object and measuring tool, already taken into account in 
chemical kinetics, but with the practically inexhaustible complexity 
of the organism. This situation can hardly be regarded as being of 
temporary character, but would rather seem to be inherently con- 
nected with the way in which our whole framework has developed 
from serving the more primitive necessities of daily life to coping 
with the growth of knowledge gained by systematic research. Thus, 
as long as the word ‘life’ is retained for practical or epistemological 
reasons, the dual approach in biology will surely persist.159 


This line of argument which, in some way, would appear 
to be a revocation of Bohr’s earlier views, was carried on 
further in one of his last lectures.!©° He said: 


In reconsidering this conjecture [that life has to be taken as one 
complementary feature of organic structures] from our present 
standpoint, it must be kept in mind that the task of biology cannot 
be that of accounting for the fate of each of the innumerable atoms 
permanently or temporarily included in a living organism. In the 
study of regulatory biological mechanisms the situation is rather 
that no sharp distinction can be made between the detailed con- 
struction of these mechanisms and the function they fulfill in up- 
holding the life of the whole organism.! 61 


We have, in the foregoing, given a broad coverage to 
Bohr’s ideas because he was, in the twentieth century, the 
first and most distinguished natural philosopher who at- 
tempted to tie together the different sciences: chemistry 
with physics, biological and humanistic sciences with phys- 
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ics and chemistry. Bohr is the founder of the modem unity 
of the sciences. 


8.3. The Totality View of Life 


The consequences of C.I. and of the Kopenhagener Geist of 
the late nineteen twenties, were pursued not only by Bohr, 
but also by younger men who carried out detailed investiga- 
tions. Jordan, one of the principals in the creation of matrix 
mechanics, deserves special attention because he devoted 
himself, together with Zimmer. to the creation of the 
science of “quantum biology” in Germany.'®? Quantum 
biology arose from the study of processes in the smallest 
living systems, or in systems satisfying the essential func- 
tions of living organisms — these systems being the viruses 
and the genes. 

Jordan considered the fact that single microscopic ob- 
jects can cause biological changes, which means that the ma- 
croscopic explanation of life, the causal mechanism of La- 
place, cannot be upheld.'®? On the basis of this result, 
Jordan concluded that the materialistic world-view is 
wrong.'!°? In the realm of the smallest being which one 
might still call living, i.e. the virus, consisting of some mil- 
lions of atoms, experimental observations concerning repro- 
duction have been made. The latter research, partially due 
to Delbruck and his co-workers, has resulted in an under- 
standing of the details of the reproduction process.!°* The 
starting point of the new reproduction theory was the as- 
sumption that a gene consists of one molecule!®*, Q.M. 
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being necessary therefore to explain the most fundamental 
process of life. That is, the living organism is not, in its es- 
sential features, a Laplacian machine! Furthermore, from 
amongst the microscopic processes occurring in the molecule 
a steering mechanism transfers messages to the macroscopic 
dimensions (and parts) of the organism. Hence there is no 
contradiction between microscopic processes in the organ- 
ism and their macroscopic consequences. 

We must emphasize that, given Q.M., these considera- 
tions do not answer the central question about the explana- 
tion of life. When discussing complementarity, Bohr was 
not thinking of the details of how life processes proceed, as 
Jordan did. Biological studies of the 1930’s had established 
the necessity of including Q.M. in the description of biolo- 
gical phenomena, and from this the totality view of living 
systems can be explained: that it is impossible to divide a 
living system into parts without killing it, ie. without 
taking away the property which is characteristic of life. In 
macroscopic physics, divisibility is an integral part of phe- 
nomena. 


8.4. Structure, Dissipation and Life 


Having discussed the role of Q.M. in certain characteristics 
of living systems, let us consider some of the macroscopic 
aspects of the description of life. In the theoretical models 
of the functions of living organisms, one has to study those 
features which cannot be treated either by usual Q.M. or by 
the description of matter at equilibrium. It was pointed out 


98 CHAPTER 8 


long ago that biological organisms are open systems to 
which the mechanical equations do not apply. One might, 
however, seek to develop a statistical quantum mechanics, 
far from equilibrium, in order to discuss some of the fea- 
tures exhibited by living organisms. This problem has at- 
tracted much interest during the past several years, and we 
shall outline some of the main results.' °° 

There exists an organization in thermodynamic equili- 
brium at low temperatures, as in the case of crystal structure, 
superconductivity, etc. We know that the organization of 
living systems is hardly of this nature, especially in that 
these systems interact with the external world and are there- 
fore far from equilibrium. It is tempting to describe biolo- 
gical structures as open chemical systems operating beyond 
the stability of the thermodynamic branch. Two kinds of 
organization are necessary in order to keep the functions of 
living systems going on: organization in space and organiza- 
tion in time. Certain results, based upon simple nonlinear 
models, encourage the view that one might seek to obtain a 
physical description of these structures. The essential point 
is that there exist indeed new dynamical states of matter in- 
duced by a flow of free energy far from equilibrium. On a 
super-molecular level the states are governed by a new phys- 
ical chemistry, while the laws referring to the molecular 
level remain essentially unchanged. Of course, coherent be- 
havior on the super-molecular level corresponds to an ampli- 
fication of specific molecular (Q.M.) properties under con- 
ditions far from equilibrium. 

In all cases of these chemical stabilities and instabilities, a 
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great deal of importance has to be attached to the interrela- 
tion between the system and its boundary conditions. The 
occurrence of a dissipative structure depends on the bound- 
ary conditions and vice versa. Dissipative structures are well 
defined in size and should, therefore, present a better model 
for biological structures than the usual systems on the ther- 
modynamical branch. The possibilities of the fluctuations 
of both levels, i.e. the internal variables (describing the intra- 
molecular state) and the macroscopic variables, may be pre- 
sent, and genetics might belong to the former. The models, 
even the successful ones, are very crude, requiring further 
specification, clarification and foundation, and one is far 
from the solution of specific problems. When this can be 
done, it promises to be an exciting task. 

The question naturally arises as to what all this has to do 
with Q.M. and its ability to explain life. Moreover, what are 
the principles from which one can obtain a unified descrip- 
tion of (inanimate and living) nature? This should be even 
more difficult than in the case of purely irreversible thermo- 
dynamics, which is related to the thermodynamic branch of 
the instability or fluctuation considerations of Glansdorff 
and Prigogine.!!® Here one must deal with a completely 
nonlinear statistical mechanics. One cannot solve any prob- 
lem systematically, and must depend on models whose solu- 
tion has been accidentally obtained. Even irreversibility can- 
not be derived from the mechanical or Q.M. equations alone, 
and essential additional assumptions have to be made to es- 
tablish it. Similarly, in order to derive the new far-from- 
equilibrium dynamics that can deal with the description 
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of life processes, additional postulates would be necessary. 

We have already mentioned (see Section 5.7) the new at- 
tempt of Prigogine et al. to describe the macroscopic level 
of Q.M.?° Prigogine’s ideas on dynamical dissipativity, sta- 
bility and evolution of structures in the framework of ma- 
croscopic level of Q.M. offer a new approach for the under- 
standing of biological phenomena. The description of life 
may be obtained from these considerations with the help of 
the asymptotic subspace containing the uncorrelated den- 
sity matrices. This would seem to contradict Q.M., where 
the correlations are thought to be important. Prigogine er al. 
believe that the functions of living beings can be described 
by the same subspace which can account for the measuring 
device. The living observer thus appears to function at the 
same level as the macroscopic measuring device. 

In his conceptual scheme for the description of different 
levels of nature, Prigogine appeals to an intuitive hierar- 
chy.'©7” On top of the physical description of nature stands 
Q.M. We can obtain two main levels of description: The mi- 
croscopic and the macroscopic. In order to obtain the latter, 
the essential effect of dissipation must be included.?> At 
the macroscopic level, one has the possibility of applying 
thermodynamics, especially in equilibrium situations. Equi- 
librium may be reached from certain non-equilibrium states; 
other non-equilibrium situations are completely stable, and 
they correspond to dissipative structures. Thus, the latter 
deal with the primary conditions of life, with the possibility 
of reproduction provided by the genetic code, etc. Dissipa- 
tivity leads to organization in space and time, which would 
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disappear if new conditions allow the system to approach 
_ equilibrium. But if the system can maintain the ability to 
evolve through successive instabilities, then the precondi- 
tions for the establishment life will be fulfilled.’ °* 

Eigen has taken a slightly different position about the 
question of the explanation of life.!°° He does not attri- 
bute such a large role to spatial ordering within the system 
as Prigogine and his collaborators do. In his view, life has 
developed from molecular chaos to organization, but Eigen 
does not believe that 


macroscopic spatial structures are the key for understanding the 
first steps of biological self-organization. These steps may have oc- 
curred in a structureless ‘soup’, certainly involving functional macro- 
molecular structures such as nucleic acids and proteins. The type of 
organization we need at the beginning is not so much organization 
in physical (i.e. geometrical) space. We need functional order among 
a tremendously complex variety of chemical compounds — possibly 
in a homogeneous phase. We need organization in a different ‘space’, 
which one may call information space.169 


This order will also be based on the principle of Prigogine 
and Glansdorff to which Eigen assigns great significance, but 
in his view its utilization will require new parameters that 
will lead us beyond the realm of present thermodynamical 
theory. 


8.5. Are We Machines? 


Can physics explain life? Roughly speaking, there are two 
different views. One of these, that life can be explained 
entirely as a physico-chemical process, is quite popular 
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among biologists. It seems that Prigogine and Eigen sympa- 
thize with this view. One must, of course, be careful and de- 
fine exactly what is meant by physico-chemical laws. In the 
case of open or dissipative systems, this is by no means 
clear; certainly the physics of these systems does not coin- 
cide with the mechanical explanation of natural processes. 
The second view emphasizes the fact that something else 
has to be assumed in addition. Analysis based on Q.M. has 
shown that a fully mechanistic description of the measure- 
ment process is not possible. One has to go further and 
either assume a consciousness, as Bohr and Wigner have 
done, or a dissipative property as Prigogine et al. have pro- 
posed. 

Wigner believes that mechanics, by means of physico- 
chemical processes, cannot explain the state of one’s mind — 
whether one feels pleasure or pain.'7° A property which 
distinguishes living systems from machines is that the latter 
do not have anything like emotions or desires. The task is 
thus to supplement the mechanical description by suitable 
equations which denote the “state of the mind”. It might 
be expected that these new equations would also modify the 
usual equations of Q.M.!7! 

Although such a modified theory that would explain life 
is not yet available, we may look for some of its possible 
features. One of the most important is self-reproduction. 
Wigner has tried to estimate, on the basis of the present the- 
ory, the “probability of the existence of a self-reproducing 
unit”.!7? The probability is zero, as can be proved by as- 
suming that Q.M. applies. The proof goes like this: 
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Assuming that the “living state” is completely given in 
the Q.M. sense by a definite state vector with components. 
vy, the system must contain at least one state (say, w) of 
the nutrient which permits the organism to multiply. Before 
“multiplication” the state vector of the organism + nutrient 
is 

P=vxXw, (68) 


(x = direct product). After “multiplication” the state be- 
comes 


W=VXVX rT, OFT Wyap=YAyValp . (69) 


that is two organisms with the state vector v plus a vectorr 
describing the rest of the system. The indices x, and yu de- 
scribe the “parent” system, the “‘child’” system, and the 
rest, respectively. The indices A and yw should already be 
present in the nutrient system w,,, assuming finite dimen- 
sions N and R (for the indices x, A and yp respectively). Now 
the transition from Equation (68) to Equation (69) is de- 
scribed by 

VyVyl yy = .. Svamweintal "Wr nls (70) 
i.e. a matrix S. The question now arises whether there exists 
any S which would do the job. For this purpose, let us take 
a given S and ask whether it is in general possible to find NV 
numbers »,, R numbers r,, and NR numbers wy, which 
satisfy Equation (70). From Equation (70), N?R complex 
equations are deduced. Even if several identities exist among 
these, since there are only N (v components) plus R (r com- 
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ponents) plus NR (w components) free complex parameters, 
these are altogether much less than the number of equa- 
tions. It is therefore extremely unlikely that the transition 
given by Equation (70) exists at all. Even if we assume that 
the living organism is not represented by one unique state v, 
but a finite number of these, their number is still much 
smaller than the dimension of the state and we cannot ob- 
tain a finite probability for the transition described by Equa- 
tion (70). One might, of course, make more realistic models 
of the reproduction process than Equation (70), but the out- 
come of zero probability remains unchanged. 

Wigner chose the matrix S to be a random matrix. Eigen 
has criticized Wigner’s calculation by pointing out that the 
assumption concerning the matrix S in Equation (70) might 
not hold.'7? In Eigen’s view, 


Wigner’s result 7 can actually lead only to the conclusion that any 
sophisticated state of matter which we now call ‘living’ cannot come 
about by random assembly — for a biologist certainly a trivial state- 
ment. The presence of instruction at the molecular level, which im- 
plies that the transformation matrix S must have a very specific 
form, may require an adaptation of statistical mechanics to special 
prerequisites of selective and evolutionary processes, but does nor in- 
dicate ‘that the present laws and concepts will have to undergo mo- 
difications before they can be applied to the problem of life’ 
(E. Wigner).!74 


To this criticism, Wigner’s rejoinder might well be: And how 
do you get instructions at the molecular level? 

Wigner’s ideas were slightly extended by Landsberg, using 
different conditions and assuming in particular that the 
number of degrees of freedom decrease rapidly in the pres- 
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ence of many living systems.'7> He obtained a probability 
different from zero, although very small. It has been point- 
ed out that the reproduction property, as considered by 
Wigner and Landsberg, may not be peculiar to living sys- 
tems; it also exists in inanimate systems, for instance in the 
neutron capture of atomic nuclei.!7° Wigner and Lands- 
berg consider such examples as badly chosen, and believe 
that the “living state is a very uncommon state of matter of 
which it is composed, that is, that the same matter can be 
present in many, many other states which are not living”.!77 
Wigner would propose that life and consciousness, to- 
gether with the physical phenomena, should become the 
subject of common inquiry of a new unified science, and 
has wondered about the tendencies towards such unifica- 
tion.!78 The biology of lower organisms tends more and 
more towards the physico-chemical explanation, and it is 
indeed possible that in the near future these studies will be 
extended to organisms with consciousness. Q.M., on the 
other hand, in Wigner’s view, deals with the connections be- 
tween observations, i.e. in the contents of consciousness. 
Hence there is a need for developing a complete and unified 
description of the living organism, from biology and psy- 
chology, on the one hand, and from physics, on the other. 
It appears very unlikely that the sensations experienced 
by sentient beings can ever be expressed in terms of the 
physico-chemical pictures. The fact that the laws of physics 
are formulated in terms of observation is strong evidence 
that these laws cease to be valid for the description of ob- 
servations in which consciousness plays a decisive role. Wig- 
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ner has therefore argued that the necessity for the modifi- 
cations of the regularities obtained in the case of inanimate 
objects will become more and more apparent, leading uilti- 
mately to a harmonious synthesis of the two descriptions 
in one that is more complete. 


APPENDIX 


CLASSICAL AND QUANTUM PROBABILITY 
CALCULUS 


1. Classical Probability Calculus 


The basic concepts of the classical probability calculus are: 
the event space, the probability measure, the random varia- 
bles, the distribution functions and the expectation values. 
We shall first give a brief review of these concepts and rela- 
tions in the classical probability calculus and then point out 
the modifications which are necessary in the quantum cal- 
culus. 


1.1. The Event Space 


This is the basic object of any calculus of probability. In the 
classical calculus it is taken to be a measure space. It con- 
sists of a set 2 and a non-empty class Yof subsets. This 
class is assumed to be a field. This means that it is assumed 
to be stable under the three operations of countable unions, 
intersections, and the formation of the complement. It is 
also assumed to contain the null set Q and the entire set 92. 
In formulas, 


SEF then S'€¥F (S' complementary (A.1) 
set to S). 


Furthermore, if 
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S,€F (n=1,2,...), then 
NS,ES and USpy eF. (A.2) 
n 


1.2. The Probability Measure 


We assume that there is a positive-valued function up which 
maps /onto the (closed) interval [0, 1], 


BOF Ogle (A.3) 
satisfying the following conditions 
(a) m(Q)=0, and u(2)=1 (A.4) 


(b) The function should also be o-additive, that is if S, €S 
is pairwise disjoint (S; CS; fori #k), then 
utU Sn) = z u(S,) - (A.5) 


The triplet (Q, F y) is called probability space. 

In the usual interpretation of this calculus, the sets SES 
represent possible events and the number u(S) is the proba- 
bility for the occurrence of this event under certain speci- 
fied conditions. 


1.3. Random Variables 


Let x: Q.> R be a real valued function: x(w), wEQ. 
For any set ACIR we denote by 


x" (A) = [wlx(w) € A] (A.6) 


the inverse image of the set under the function x. 


APPENDIX 109 


Further we denote by @(IR) the class of Borel sets on 
the real line. A function x is called measurable-B, or briefly 
measurable, if for every Borel set A the inverse image 


X'(AVELY for AECB(R). (A.7) 


A random variable is a measurable function on Q. We shall 
assume it to be real valued, but it is obvious that one can in- 
troduce equally well more general random variables. 

In view of the generalization to the quantum probability 
calculus, it is worth pointing out here that the notion of ran- 
dom variable can be stripped to its abstract and essential 
content by noting that the function x is not essential in the 
calculus, all that is really needed is the mapping which in- 
duces from the Borel sets on IR into the field Sof measur- 
able subsets of 92. It is useful to introduce a separate nota- 
tion for this map and denote it by 


§: B(IR) > ZF, 
defined by 
€(A)=x'(A) forall AG&(R) . (A.8) 


The map & satisfies the properties 


(a) &@)=9E€F and EMR)=2, (A.9) 
(b) (A) 1LE(Ay) for 4;LA,, and (A.10) 
(c) &(U An) = UE(An). (A.11) 


Because of the properties (A.9) to (A.11) we denote such a 


110 APPENDIX 


mapping as a o-homomorphism of @(IR) into S. Thus we 
may summarize: A random variable is a o-homomorphism 
of the Borel sets into the measurable subsets % 

1.4. The Distribution Function 


Let — be a random variable, then the function 
F(a) = wa) 

where (A.12) 
Sa=§([-~,a]), 


is called the distribution function of the random variable & 
in the probability space (Q, F y). It has the following prop- 
erties: 


(a) F¢(@) is a non-decreasing function of a, continuous 
from the right, with 


Fya>z—e)-0, and Faeaore)> 1. (A393) 


(b) If the function F;(@) is absolutely continuous then 
its derivative satisfies 


fela)=T* >0, 
and (A.14) 
Pea) =F feed. 


The function f;(@) is then called the probability density. It 
exists only under the above special assumptions, while the 
distribution function Fy (@) always exists. 
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1.5. The Expectation Value 


Let £ be a random variable and F;(@) its distribution func- 
tion, then we define the integral (if it exists) 


(€)= ‘fadF,(@) (A.15) 
as the expectation value (or mean value) of the random va- 
rable &. If & is a random variable, then (— — (€)) is also a 
random variable and its expectation value is called the va- 


riance of £. The non-negative square root is the standard de- 
viation D(é) of &, 


Deyate) —<E)? . (A.16) 


Of great importance in the application of the calculus is 
the notion of independent random variables. In order to ex- 
plain this concept let us start with the preliminary notion of 
independent sets of £ Two sets A, B € Fare said to be in- 
dependent with respect to the probability measure y, if 


u(A 7 B)= uA)u(B) . (A.17) 


This concept can be generalized to n sets Aj, An, ... 
A, © & They are independent if for every iy, iz, ... in, 
(m <n), 


Bae WA... Ay) = 
= (Ai, (Aj, ) -- HAi,,) - (A.18) 


Two random variables are said to be independent with res- 
pect to the probability measure wif for any pair A, @E B (IR) 
of Borel subsets on the real line 
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u(E(A) 9 n(B)) = u(E(A) * w(n(B)). (A.19) 


With this the essential concepts the classical probability cal- 
culus are explained. 


2. Quantum Probability Calculus 


Let us now proceed to the probability calculus in quantum 
physics. 


2.1. The Event Space 


In quantum physics the set of elementary events is a lattice 
of propositions, each of which is an equivalence class of 
yes-no experiments. In classical physics, this lattice has the 
property of being Boolean; therefore it can be identified 
with the subset Y of measurable sets. In quantum physics, 
on the other hand, this lattice is non-Boolean and cannot be 
so identified. This fact has a decisive influence on the cal- 
culus of probability. We may call it quantal probability cal- 
culus to distinguish it from the classical calculus. 

The quantal proposition system will be denoted by. It 
is a complete ortho-complemented lattice isomorphic to the 
closed linear subspaces of some Hilbert spaces. 


2.2. The Probability Measure 


A quantal probability measure yu is a function uw: #> [0, 1], 
satisfying the conditions 


(a) 4(@)=0, and w)=1, (A.20) 
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(b)  u(Ya;) = Zu) , (A.21) 
for pairwise disjoint sets a;, a,, and 
(c) wa@nb)=1, if pw@)=p(b)=1. (A.22) 


The comparison with the corresponding properties (A.4) 
and (A.5) for the classical probability spaces shows that we 
need a third condition, (A.22), which in the classical case is 
a consequence of the others but not in the quantal case. 
Such probability measures are also called a “state” of the 
system, since the preparation of a state produces always a 
measure of this kind. 


2.3. The Random Variables 


Since we no longer dispose of the space 2, only the second 
version of the notion of random variables can be transferred 
from the classical to the quantal calculus. Thus we define a 
random variable as a o-homomorphism 


§: BIR) > # (A.23) 
satisfying the three conditions 
(a) §9)=9, and &(R)=1, (A.24a) 
(b) E(A)LE(A,), if 4;14,, fori#k,  (A.24b) 
(c) &UA)= VE). (A.24c) 


An important consequence of this definition is that the 
range of any random variable £ is a Boolean sub-lattice of 
since the mapping & preserves the lattice structure, in partic- 
ular the distributive law. 
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2.4. The Distribution Functions 


The distribution function is defined, as in the classical case, 
by Equation (A.12). 


2.5. The Expectation Value 


In the definition of the expectation value also, we can take 
over the classical Equation (A.15). 

From the foregoing we note the close analogy of the clas- 
ical and quantal probability calculus. The difference is ex- 
hibited at only one point, the distributive law of the propo- 
sition system which is valid only in the classical case. It has 
important consequences. 

In order to exhibit these consequences more explicitly, 
it is useful to introduce the notion of compatible proposi- 
tions. Two propositions a, b € Lare said to be compatible 
if the lattice generated by a, b and its complements a’, b’ is 
Boolean. A sublattice c#is Boolean if and only if every pair 
of elements from Wis compatible. Finally two random varia- 
bles & and 7 are compatible if their ranges are. Thus if 


£, = [xlx= &(A)], and L, = [yly =n(d)] (A.25) 


then the two random variables and 7 are compatible, if 
every x € L, is compatible with every vy € Lp. 

We see that the effect of the rejection of the distributive 
law is the new notion of compatible random variables which 
has no parallel in classical probability (or which is always 
trivially satisfied). 

It is now easy to understand why operators in quantum 
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theory are represented by selfadjoint operators in Hilbert 
space. Indeed, in conventional quantum theory the lattice 
becomes the lattice of all projection operators in a Hilbert 
space (or equivalently the lattice of all closed subspaces). 
The map &: BUR) becomes what is known mathemati- 
cally as a spectral measure. Every such measure determines 
uniquely a selfadjoint operator and vice versa. These opera- 
tors are therefore concise representations of spectral meas- 
ures, and hence of random variables in quantal probability 
calculus. 

Another new feature shows itself when one considers 
joint distributions of two observables. If & and 7 are two 
observables (random variables) then 


Fy, (a,b) = u(E(Sa) 9 n(Sp)) (A.26) 


is a non-decreasing function of both arguments. If & and 7 
are compatible, Fy » satisfies 


a dy Fy n@ 5) = Fea) , (A.27a) 
and 
LdaF ¢,n(@, b) = F,() . (A.27b) 


If — and 7 are not compatible then these last two conditions 
need no longer hold. In that case we may say that there 
does not exist a joint distribution for the two observables. 
This has been verified, for instance for the variables P and Q 
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which satisfy the canonical commutation rules 
[P, Q] =-i. (A.28) 


This phenomenon is an essential new feature of the quantal 
probability calculus. 
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